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Abstract I 
Abstract 
Asphaltene precipitation is one of the most common problems faced by the oil 
industry throughout the world during oil production, transportation and refinery 
processes. In oil recovery, especially in gas injection, formation of asphaltene 
aggregation, following their deposition can result in plugging of the formation, well 
bore and production facilities and makes the process costly and sometimes 
uneconomical. Unfortunately, there is no predictive model for asphaltene problem 
treatment because the mechanisms of asphaltene precipitation and deposition are still 
under investigation due to their complexity. 
The main purpose of this thesis was to study the mechanisms of asphaltene deposition 
in a porous medium. As part of this research project, a substantial number of 
experiments were performed to investigate the effect of different parameters on the 
amount of asphaltene precipitation. These parameters consisted of solvent type and 
concentration, pH of the solution, system temperature and contact time between the 
oil and the solvents used. A slim tube filled with glass beads was selected as synthetic 
porous medium and some flood tests at different temperatures, oil to solvent volume 
ratios and various injection rates were carried out. Furthermore, some experiments 
were carried out in order to investigate the controversial question of reversibility of 
asphaltene deposition. It was found that the processes of asphaltene precipitation and 
deposition in a porous medium are reversible. 
A mathematical model was developed for prediction of permeability impairment due 
to asphaltene deposition. The development of this model was based on the deep bed 
filtration theory and introduction of relationship between the initial permeability and 
the damaged permeability as a function of the change in porosity due to asphaltene 
deposition in the porous medium. A computer program was developed to simulate the 
process of permeability reduction during flooding tests in the porous medium. Good 
agreement between the model prediction and the experimental data was observed 
which confirms the reliability of the model. 
Acknowledgements II 
Acknowledgements 
First of all, I would like to express my sincere gratitude to my supervisors Prof. Hans 
Müller-Stenhagen and Prof. Mohnunad Jamialahmadi for their years of help, 
encouragement, good supervision and invaluable guidance throughout this research 
work. 
I would like to acknowledge Dr. Adel Sharif for all his helps and invaluable guidance 
throughout the course of this research work. 
I am especially grateful to my friend Dr. Mohammad Reza Malayeri who has 
provided intellectual assistance and an enjoyable working environment during my 
stay in Guildford. 
I would like to acknowledge the National Iranian Oil Company and the Petroleum 
University of Technology for their financial support. 
I acknowledge with thanks the Department of Chemical and Process Engineering of 
the University of Surrey throughout this research work. 
The Research Center of the Petroleum University of Technology is especially thanked 
for providing office space and access to laboratory equipment. 
Finally, I whole-heartedly thank my wife and my children for their love and support, 
without which this work would never have been completed. 
Table of Contents III 
Table of Contents 
Abstract I 
Acknowledgements II 
Table of Contents III 
List of Figures VII 
List of Tables XIII 
Nomenclature XIV 
Chapter 1 
Introduction 
Chapter 2 7 
Literature Review on Asphaltene Precipitation and Deposition 
2.1 The chemistry of asphaltenes 7 
2.1.1 Molecular weight of asphaltene 13 
2.1.2 Particle size of asphaltene 14 
2.2 Thermodynamics of asphaltene 15 
2.2.1 Solubility models 16 
2.2.2 Colloidal approach 21 
2.2.3 Mechanisms of asphaltene precipitation 26 
2.2.4 Reversibility of asphaltene precipitation 28 
2.2.5 Scaling equation 31 
2.3 Effect of operational parameters on asphaltene precipitation 36 
2.3.1 Effect of temperature with dead oil 36 
2.3.2 Effect of pressure with dead oil 39 
2.3.3 Effects of Pressure and temperature with live oil 40 
2.3.4 Effect of miscible flooding 42 
2.3.5 Effect of well stimulations 42 
2.4 Fundamentals of asphaltene deposition in porous media 43 
2.5 Deposition mechanisms in porous media 46 
2.6 The physics of permeability damage 50 
2.7 Mathematical models for plugging by particle movement 53 
2.7.1 Gruesbeck and Collins model (1982) 54 
Table of Contents IV 
2.7.2 Wojtanowicz et al. model (1987) 57 
2.7.3 Pang and Sharma model (1997) 61 
2.7.4 Minssieux model (1997) 67 
2.7.5 Ring et al. model (1992) 70 
2.7.6 Wang et al. model (2001) 73 
2.8 Review and conclusions 81 
Chapter 3 84 
Experimental Equipment and Procedures 
3.1 Selection and preparation of crude oil 84 
3.2 Determination of physical properties of asphaltene 84 
3.2.1 Determination of molecular weight 84 
3.2.2 Density measurement 87 
3.2.3 Particle size determination 87 
3.3 Determination of the amount of asphaltene precipitated 88 
3.4 Factors affecting the amount of asphaltene precipitated 90 
3.5 Experimental work with porous media 90 
3.5.1 Experimental equipment 91 
3.5.2 Experimental activities 93 
3.6 Repeatability of the experiments 103 
3.7 Error analysis 105 
Chapter 4 107 
Experimental Results and Discussion 
4.1 Factors affecting the amount of asphaltene precipitated 107 
4.1.1 Effect of dilution ratio on asphaltene precipitation 107 
4.1.2 Effect of temperature and n-alkane precipitants on asphaltene 109 
precipitation 
4.1.3 Effect of contact time between solvent and oil on asphaltene 112 
precipitation 
4.1.4 Effect of pH on asphaltene precipitation 113 
4.2 Determination of particle size of precipitated asphaltene 114 
4.2.1 Optical microscope studies 114 
4.2.2 SEM measurements 115 
4.2.3 X-Ray Diffracting studies of elemental analysis 115 
Table of Contents V 
4.3 Flooding experiments 120 
4.3.1 Measurement of permeability of clean system 120 
4.3.2 Effect of solvent to oil volume ratio on asphaltene deposition 121 
4.3.3 Effect of temperature on asphaltene deposition 128 
4.3.4 Effect of injection rate on asphaltene deposition 130 
4.3.5 Effect of mass of injected asphaltene on asphaltene deposition 136 
4.4 Reversibility of asphaltene precipitation 138 
4.4.1 Investigation of reversibility in non-porous media 139 
4.4.2 Investigation of reversibility in porous media 144 
Chapter 5 149 
Modeling and Simulation of Asphaltene Deposition 
5.1 Modeling aspects and approaches 149 
5.2 Mathematical formulation 152 
5.3 Proposed relationships between porosity and permeability 157 
5.3.1 Proposed relationships between porosity and permeability 157 
5.3.2 Determination of model parameters 160 
5.3.3 Relationships between phenomenological parameters 163 
5.3.4 General equations for 'yf and Ld 168 
5.3.5 Summary of the proposed model and equations 170 
5.4 Validation of the mathematical model 173 
5.5 Sample calculations 180 
5.6 Identification of the mechanisms of asphaltene deposition 183 
5.7 Comparison of other models with experimental data 186 
5.7.1 Comparison of Pang and Sharma (1977) model with experimental 186 
data 
5.7.2 Comparison of Minssieux (1997) model with experimental data 188 
5.7.3 Comparison of Ring et al. (1992) model with experimental data 190 
5.8 Development of a scaling equation 192 
Chapter 6 195 
Conclusions and Recommendations 
6.1 Conclusions 195 
6.2 Recommendations for future work 198 
Table of Contents vi 
References R-1 
Appendix A 
A-1 
Physical properties of oil and different mixtures 
Appendix B 
Simulator specifications B-3 
Appendix C 
Summary of experimental data and simulated results C-27 
Appendix D 
Examples for asphaltene deposition in oil field situations D-43 
List ofFigures VII 
List of Figures 
Fig. 2.1: SARA - separation scheme (Speight, 1999). 8 
Fig. 2.2: Effect of solvent carbon number on asphaltene deposition (Speight et al., 11 
1984). 
Fig. 2.3: Effect of ratio of oil to diluent on asphaltene precipitation (Speight et al., 11 
1984). 
Fig. 2.4: Effect of oil and solvent contact time on asphaltene precipitation (Speight et 12 
al., 1984). 
Fig. 2.5: Molecular - Thermodynamic model (Leontaritis, 1988). 17 
Fig. 2.6: Thermodynamic-Colloidal model (Leontaritis, 1988). 21 
Fig. 2.7: Asphaltene- Resin micelle (Leontaritis, 1988). 22 
Fig. 2.8: Effect of addition of a flocculant on thinning of the peptizing layer (Leontaritis, 24 
1988). 
Fig. 2.9: Experimental data for the weight percent W of precipitated asphaltene as a 33 
function of the solvent to crude oil ratio Rm (Rassamdana et al., 1996a). 
Fig. 2.10: Rassamdana et al. 's scaling equation collapses all data onto a single curve 34 
(Rassamdana et al., 1996a). 
Fig. 2.11: Precipitated asphaltenes (%w/w) vs. temperature using n-C5 to n-C8 37 
(Andersen et al., 1990). 
Fig. 2.12: Effect of temperature on n-heptane asphaltene precipitated (Andersen, 1994). 38 
Fig. 2.13: Effect of pressure and temperature on asphaltene precipitation (Bilheimer, 39 
1949). 
Fig. 2.14: Effect of pressure on asphaltene precipitation (Lhioreau et al., 1967). 40 
Fig. 2.15: Effect of pressure and temperature on solubility parameter (Burke et al., 42 
1990). 
Fig. 2.16: Retention sites (Herzig et al., 1970). 48 
Fig. 2.17: Interpack damage mechanisms (Roque et al., 1995). 51 
Fig. 2.18: Phases of fines damage process and relative effects on permeability (Roque et 51 
al., 1995). 
Fig. 2.19: Various particulate processes (Civan, 2000). 53 
Fig. 2.20: Manifestation of three particle capture mechanisms on permeability damage 58 
plots (Wojtanowicz et al., 1987). 
Fig. 2.21: Gradual pore blocking mechanism (Wojtanowicz et al., 1987). 59 
Fig. 2.22: Particle invasion, single pore blocking (Wojtanowicz et al., 1987). 60 
Fig. 2.23: Foreign particle invasion, cake formation (Wojtanowicz et al., 1987). 61 
List of FiRures VIII 
Fig. 2.24: Definition of type curve for incompressible external filter cakes (Pang et al., 63 
1997). 
Fig. 2.25: Definition of type curve for compressible external filter cakes or internal 64 
filter cakes (Pang et al., 1997). 
Fig. 2.26: Definition of type curve for pore filling mechanism (Pang et al., 1997). 64 
Fig. 2.27: Definition of type curve for combination of mechanisms (Pang et al., 1997). 66 
Fig. 2.28: Correlation of the experimental permeability reduction reveals a uniform 69 
surface deposition mechanism (Minssieux, 1997). 
Fig. 2.29: Correlation of the experimental permeability reduction reveals a pore 69 
blocking deposition mechanism (Minssieux, 1997). 
Fig. 2.30: Comparison of simulated and experimental results of Sutton and Roberts for 72 
their second experiment (1974). 
Fig. 2.31: Comparison of experimental and simulated results for test GF1(Wang et al., 78 
2001). 
Fig. 2.32: Comparison of experimental and simulated results for test GF3 (Wang et al., 79 
2001). 
Fig. 2.33: Comparison of experimental and simulated results for test GV5 (Wang et al., 79 
2001). 
80 
Fig. 2.34: Comparison of experimental and simulated results for test GV 10 (Wang et al., 
2001). 
80 
Fig. 2.35: Comparison of experimental and simulated results for test GP9 (Wang et al., 
2001). 
Fig. 2.36: Comparison of experimental and simulated results for test HMD26 (Wang et 
81 
al., 2001). 
Fig. 3.1: Schematic of apparatus for measuring the freezing point depression of a 86 
solution. 
Fig. 3.2: Photograph of the "OLYMPUS BX60" polarizing microscope. 88 
Fig. 3.3: Experimental diagram of the experimental setup. 
Fig. 3.4: A photograph of the experimental setup. 
92 
93 
Fig. 3.5: Shear stress vs. shear rate for different concentrations of n-heptane mixtures. 97 
Fig. 3.6: Effect of tapped air on fluid pressure. 99 
Fig. 3.7: Pressure change as a function of time for three runs with identical operational 104 
conditions (40% n-C7 and 60 cm3/hr). 
Fig. 3.8: Pressure change as a function of time for three runs with identical operational 104 
List of Figures Ix 
conditions (50% n-C7 and 30 cm'/hr). 
Fig. 4.1: Effect of dilution volume ratio on the amount of asphaltene precipitation. 108 
Fig. 4.2: Amount of asphaltene precipitated versus density of the mixtures. 108 
Fig. 4.3: Effect of temperature on the amount of asphaltene precipitation for n-C7. 109 
Fig. 4.4: Effect of temperature on the amount of asphaltene precipitation for n-C6. 110 
Fig. 4.5: Effect of temperature on the amount of asphaltene precipitation for n-C5. 110 
Fig. 4.6: Effect of various n-alkanes on the amount of asphaltene precipitation at 30°C. 111 
Fig. 4.7: Effect of various n-alkanes on the amount of asphaltene precipitation at 50°C. 111 
Fig. 4.8: Effect of various n-alkanes on the amount of asphaltene precipitation at 70°C. 112 
Fig. 4.9: Effect of time on the amount of asphaltene precipitation. 113 
Fig. 4.10: Effect of pH on the amount of asphaltene precipitation. 114 
Fig. 4.11: Microscopic image of asphaltene particles obtained from a mixture at 40% 116 
concentration of n-c7. 
Fig. 4.12: Microscopic image of asphaltene particles obtained from a mixture at 50% 116 
concentration of n-c7. 
Fig. 4.13: Microscopic image of asphaltene particles obtained from a mixture at 60% 117 
concentration of n-c7. 
Fig. 4.14: Microscopic image of asphaltene particles obtained from a mixture at 80% 117 
concentration of n-c7. 
Fig. 4.15: SEM photograph of asphaltene solid particles obtained from a mixture 118 
with dilution volume ratio of R= 1. , 
Fig. 4.16: SEM photograph of asphaltene solid particles obtained from a mixture 118 
with dilution volume ratio of R, =5. 
Fig. 4.17: Typical X-Ray analysis for asphaltene particles obtained from a mixture 119 
with R,, = 1. 
Fig. 4.18: Typical X-Ray analysis for asphaltene particles obtained from a mixture 119 
with R = 5. 
Fig. 4.19: Injection pressure of toluene versus time at 90°C. 120 
Fig. 4.20: Comparison of injection pressure versus time for different mixtures at 90°C. 123 
Fig. 4.21: Comparison of injection pressure versus pore volume of fluid injected for 123 
different mixtures at 90°C. 
Fig. 4.22: Comparison of injection pressure versus pore volume of fluid injected for 40 124 
and 50 volume percent of n-heptane mixtures at 90°C. 
Fig. 4.23: Comparison of injection pressure versus pore volume of fluid injected for 60 124 
and 80 volume percent of n-heptane mixtures at 90°C. 
Fig. 4.24: Permeability ratio as a function of pore volume of fluid injected for different 127 
List of Futures X 
mixtures at 90°C. 
Fig. 4.25: Permeability ratio as a function of time for different mixtures at 90°C. 127 
Fig. 4.26: Comparison of injection pressure versus pore volume of fluid injected at 128 
different temperatures. 
Fig. 4.27: Comparison of injection pressure versus time at different temperatures. 129 
Fig. 4.28: Effect of temperature on amount of asphaltene deposition as a function of pore 129 
volume of fluid injected for different mixtures and an injection rate of 30 
cm3/hr. 
Fig. 4.29: Effect of temperature on amount of asphaltene deposition as a function of 130 
time for different mixtures and an injection rate of 30 cm3/hr. 
Fig. 4.30: Variation of injection pressure versus pore volume of fluid injected for 131 
different injection rates at 40% concentration of n-C7. 
Fig. 4.31: Variation of injection pressure versus time for different injection rates at 131 
40% concentration of n-C7. 
Fig. 4.32: Variation of permeability ratio versus pore volume of fluid injected for 133 
different injection rates at 40% concentration of n-C7. 
Fig. 4.33: Variation of permeability ratio versus time for different injection rates at 133 
40% concentration of n-C7. 
Fig. 4.34: Variation of injection pressure versus pore volume of fluid injected for 134 
different injection rates at 50% concentration of n-C7. 
Fig. 4.35: Variation of injection pressure versus time for different injection rates at 134 
50% concentration of n-C7. 
Fig. 4.36: Variation of permeability ratio versus pore volume of fluid injected for 135 
different injection rates at 50% concentration of n-C7. 
Fig. 4.37: Variation of permeability ratio versus time for different injection rates at 135 
50% concentration of n-C7. 
Fig. 4.38: Variation of permeability ratio versus mass of precipitated asphaltene injected 136 
for different injection rates at 40% concentration of n-C7. 
Fig. 4.39: Variation of permeability ratio versus mass of precipitated asphaltene injected 136 
for different injection rates at 50% concentration of n-C7. 
Fig. 4.40: Variation of permeability ratio versus mass of precipitated asphaltene injected 137 
for different concentrations of n-C7 and 30 cm3/hr. 
Fig. 4.41: Variation of permeability ratio versus mass of precipitated asphaltene injected 137 
for different temperatures at concentration of 50% n-C7 and 30 cm3/hr. 
Fig. 4.42: Amount of precipitated asphaltene as a function of mixture density. 140 
Fig. 4.43: Comparison of the amounts of asphaltene precipitation/re-dissolution versus 141 
List of Figures m 
mixture density. 
Fig. 4.44: Effect of temperature on reversibility of asphaltene precipitation for a mixture 142 
of n-heptane and oil with R,, = 2/3. 
Fig. 4.45: Effect of temperature on reversibility of asphaltene precipitation for a mixture 143 
of n-heptane and oil with R, = 1. 
Fig. 4.46: Effect of temperature on reversibility of asphaltene precipitation for a mixture 143 
of n-heptane and oil with R, = 7. 
Fig. 4.47: Effect of temperature on reversibility of asphaltene precipitation for a mixture 144 
of n-heptane and oil with R,, = 12. 
Fig. 4.48: Pressure variation during injection of fresh oil at rate of 30 cm3/hr. 145 
Fig. 4.49: Pressure variation during injection of a mixture of 50% n-heptane. 145 
Fig. 4.50: Effect of particles remaining from injecting a mixture of 50% n-heptane on 146 
flowing pressure of fresh oil. 
Fig. 4.51: Effect of re-dissolution of asphaltene particles on flowing pressure of fresh 147 
Oil. 
Fig. 4.52: Pressure variation vs. time at different stages of the reversibility experiment. 148 
Fig. 5.1: Two different regions of porous media considered in the modeling. 150 
Fig. 5.2: Schematic diagram of the porous medium element. 152 
Fig. 5.3: Typical variation of flow efficiency factor versus time (Test #1). 161 
Fig. 5.4: Relationship between flow efficiency factor yf and asphaltene concentration C;. 164 
Fig. 5.5: Dependency of flow efficiency factor yf on flow rate q for mixtures of 40 and 165 
50% concentration of n-C7 
Fig. 5.6: Dependency of flow efficiency factor 'yf on interstitial velocity for mixtures of 165 
40 and 50% concentration of n-C7.. 
Fig. 5.7: Effect of concentration on damaged length Ld at 30 cm3/hr and 90°C. 166 
Fig. 5.8: Effect of flow rate on damaged length for mixtures of 40 and 50% 166 
n-C7 concentration. 
Fig. 5.9: Effect of interstitial velocity on the damaged length for mixtures with 40 and 167 
50% n-C7 concentration. 
Fig. 5.10: Effect of asphaltene mass flow rate on flow efficiency factor for mixtures 167 
with 40 and 50% n-C7 concentration. 
Fig. 5.11: Effect of asphaltene mass flow rate on damaged length for mixtures 168 
with 40 and 50% n-C7 concentration. 
Fig. 5.12: Comparison of experimental data and simulated results for Test #1.174 
Fig. 5.13: Comparison of experimental data and simulated results for Test #2.174 
Fig. 5.14: Comparison of experimental data and simulated results for Test #3.175 
List of Figures X11 
Fig. 5.15: Comparison of experimental data and simulated results for Test #4.175 
Fig. 5.16: Comparison of experimental data and simulated results for Test #5.176 
Fig. 5.17: Comparison of experimental data and simulated results for Test #6.176 
Fig. 5.18: Comparison of experimental data and simulated results for Test #7. 177 
Fig. 5.19: Comparison of experimental data and simulated results for Test #8. 177 
Fig. 5.20: Comparison of experimental data and simulated results for Test #9. 178 
Fig. 5.21: Comparison of experimental data and simulated results for Test #10. 178 
Fig. 5.22: Comparison of experimental data and simulated results for Test #11. 179 
Fig. 5.23: Comparison of experimental data and simulated results for Test #12. 179 
Fig. 5.24: Comparison of Pang and Sharma model and experimental data for Test No. 1. 187 
Fig. 5.25: Comparison of Pang and Sharma model and experimental data for Test No. 6. 187 
Fig. 5.26: Comparison of Pang and Sharma model and experimental data for Test No. 3. 188 
Fig. 5.27: Comparison of Minssieux model and experimental data for Test No. 1. 189 
Fig. 5.28: Comparison of Minssieux model and experimental data for Test No. 6. 189 
Fig. 5.29: Comparison of Minssieux model and experimental data for Test No. 3. 190 
Fig. 5.30: Comparison of Ring et al. model and experimental data for Test No. 1. 191 
Fig. 5.31: Comparison of Ring et al. model and experimental data for Test No. 6. 191 
Fig. 5.32: Comparison of Ring et al. model and experimental data for Test No. 3. 192 
Fig. 5.33: Collapse of the asphaltene precipitation data measured at different 193 
temperatures and dilution volume ratios onto a single scaling curve. 
List of Tables XIII 
List of Tables 
Table 2.1: SARA distribution for the samples along with the origin and density. 9 
Table 2.2: Elemental composition of asphaltene fraction precipitated by different 13 
solvents. 
Table 2.3: Yield of precipitation using various solvents and Western Canadian 18 
bitumen. 
Table 2.4: Characteristics of the investigated stock tank oils (Minssieux, 1997). 67 
Table 2.5: Crude/Asphaltenes characteristics (Minssieux, 1997). 67 
Table 2.6: Conditions for core floods (Minssieux, 1997). 68 
Table 2.7: Crude core flood tests (Minssieux, 1997). 68 
Table 2.8: Data used in the simulation of experimental data and model parameters 78 
determined by trial and error (Wang et al., 2001). 
Table 3.1: Range of operating parameters in the experiments. 90 
Table 3.2: Range of operating parameters in the flooding experiments. 103 
Table 3.3: Accuracies and errors of the equipment. 106 
Table 5.1: Comparison of experimental and predicted values of yf. 170 
Table 5.2: Comparison of experimental and predicted values of Ld. 170 
Table 5.3: Summary of equations needed for modelling and simulation. 172 
Table 5.4: Summary of test specifications and results. 173 
Table 5.5: Basic parameters of Test #1. 180 
Table 5.6: Results of sample calculations performed for Test #1. 182 
Table 5.7: Amount of permeability and porosity reductions in damaged zone. 184 
Table 5.8: Comparison of experimental data with those predicted by scaling 194 
equation. 
Nomenclature XIV 
Nomenclature 
a Attractive parameter in Peng-Robinson EOS 
a Constant in exponential association model, Eq. 5.43. 
A Cross-sectional area, m2 
a-' Ratio of initial injectivity to injectivity at time t 
A; Coefficients of the scaling equation 
A, Rock area, m2 
b Constant in exponential association model, Eq. 5.43. 
b Parameter in Peng-Robinson EOS 
B Damage factor of the filtration system 
c Constant in exponential association model, Eq. 5.43. 
c Temperature dependent coefficient 
C Concentration, vol. /vol. 
Ca Precipitated asphaltene concentration, vol. /vol. 
Ce Effluent concentration, vol. /vol. 
C; Inlet concentration, vol. /vol. 
Co Outlet concentration, vol. /vol. 
c1,2 Adjustable parameters in Yu-Feng Hu et al. 's scaling equati 
C1,2,3 Process constants in Wojtanowicz et al. equation 
d Diameter, m 
D Diffusivity coefficient, m2/s 
D Particle size, m 
dp Particle diameter, m 
dpt Average pore throat diameter, m 
dpkr Critical pore throat diameter, m 
E Expected travel distance of a particle, m 
E. Volume fraction of deposited asphaltene in the bulk volume, vol. /vol. 
ec Thickness of external filter cake, m 
f Fraction of pluggable pathways 
fd Concentration of particles of critical size d, vol. /vol. 
h Specific constant for oil 
k Permeability, instantaneous permeability, m2 
Nomenclature XV 
kave Average permeability, m2 
k, Permeability of the filter cake, m2 
kd Damaged permeability, m2 
kf Freezing point depression constant, K/mol 
k; Initial permeability, m2 
k,, p Permeability of the non-pluggable portion the porous medium, m2 
kp Permeability of the pluggable portion the porous medium, m2 
Kz Kozeny constant 
L Length, m 
Ld Damaged length of porous medium, m 
L, Total length of porous medium, m 
m Mass, kg 
m Molality of a solution, mol/kg 
m Phenomenological constant in Civan et al. model 
M Molecular weight 
q Volumetric flow rate, m3/s 
R Universal gas constant, J/mol. K 
Rr Solvent to crude oil ratio, cm3/g 
RR, c Critical solvent to crude oil ratio, cm3/g 
R,, Dilution volume ratio, vol. /vol. 
t Time variable, s 
T Absolute temperature, K 
t* Saturation time, time to takes 1 pore volume fluid, s 
tD Dimensionless time 
Tm Melting point temperature, K 
u Volume flux velocity, interstitial velocity, m/s 
uc Critical flow velocity, m/s 
un1 Flow velocity in non-pluggable portion of the porous medium, m/s 
up Flow velocity in pluggable portion of the porous medium, m/s 
V Molar volume, m3/mol 
Va Molar volume of asphaltene, m3/mol 
Vb Bulk volume, m3 
V; Initial molar volume, m3/mol 
Nomenclature XVI 
Vi Molar volume of the liquid phase, m3/mol 
V. Molar volume of the liquid mixture, m3/mol 
VP Pore volume, m3 
VR Molar volume of resin, m3/mol 
Vt Cumulative volume of injected fluid, m3 
w Weight percent of the asphaltene precipitated, wt. % 
W Amount of asphaltene precipitated, wt. % 
Wal Mass fraction of the dissolved asphaltene in the liquid phase, kg/m3 
wol Mass fraction of the oil in the liquid phase, kg/m3 
ws Solid concentration, kg/m3 
Wsal Mass fraction of the suspended asphaltene in the liquid phase, kg/m3 
x Space variable, m 
X Variables in scaling equation 
X' Variables in scaling equation 
X,, Value of X at onset point of asphaltene precipitation 
X Variable in our scaling equation 
X, Maximum amount of paraffin soluble in the liquid phase, mole fraction 
Y Variables in scaling equation 
Y' Variables in scaling equation 
Y Variable in our scaling equation 
z Adjustable parameter in Rassamdana et al. 's scaling equation 
Z Flory interaction parameter 
z' Adjustable parameter in Rassamdana et al. 's scaling equation 
Greek symbols 
a Constant in Eq. (2.17), 1/cm 
a' Surface deposition rate coefficient, 1/s 
ß Surface deposition rate constant in Eq. (2.16), 1/s 
Entrainment rate coefficient, 1/cm 
7 Instantaneous flow efficiency factor 
yI Plugging deposition rate coefficient, 1/cm 
7f Flow efficiency factor (stabilized) 
Nomenclature XVII 
6 Solubility parameter, MPao. s 
8a Asphalten solubility parameter, MPao. s 
6; Initial solubility parameter, MPao. s 
61 Solubility parameter of the liquid solvent, MPaos 
Snp Vol. of particles deposited per unit of non-pluggable pore volume 
SP Vol. of particles deposited per unit of pluggable pore volume 
DA Error value associated with the cross-sectional area of the slim tube in 
Eq. (3.6), m2 
OL Error value associated with the length of the slim tube in Eq. (3.6), in 
AHf Enthalpy of fusion, J 
AH" Heat of vaporization, J 
OP Error value associated with pressure in Eq. (3.6), kPa 
AP Pressure drop, kPa 
Oq Error value associated with injection flow rate in Eq. (3.6), m3/s 
ATf Freezing point depression, K 
DU" Internal energy change during vaporization, J 
All Error value associated with viscosity of mixtures in Eq. (3.6), kg/m. s 
£ Phenomenological constant 
0 Adjustable parameter in Eq. (2.39) 
X Filtration coefficient, m"' 
X, Volume filtration coefficient, s" 
P Viscosity, kg/m. s 
µR Chemical potential of resin 
v Interstitial velocity, m/s 
p Density, kg/m3 
Pa Density of asphaltene, kg/m3 
P1 Density of the liquid phase, kg/m3 
a Volume of particles deposited, m3 
ti Tortuosity 
Porosity, instantaneous porosity 
Average porosity 
Nomenclature XVIII 
4a, max Maximum volume fraction of asphaltene solute 
Oc Filter cake porosity 
O; Initial porosity 
01 Liquid solvent volume fraction 
OR Volume fraction of resin 
x Constant in Eq. (2.21), 1/m 
w Slope of injectivity vs. dimensionless time 
S2 Constant in Eq. (2.21), 1 /m 
Abbreviations 
ADE Asphaltene deposition envelope 
API American Petroleum Institute 
CFR Cake to filter ratio 
FOR Enhanced oil recovery 
EOS Equation of State 
GOR Gas-oil ratio 
IFP Institut Francais du Petrole 
PR Peng-Robinson 
PV Pore volume, m3 
P-V-T Pressure-volume-temperature 
P-V-x Pressure-volume-composition 
SCF Standard cubic feet 
SEM Scanning Electron Microscope 
STB Standard barrel 
TSS Total suspended solids, kg/m3 
VLE Vapor-liquid equilibrium 
WHFP Well head flowing pressure, kPa 
Introduction 1 
Chapter 1 
Introduction 
All of the oil produced in the world today is recovered by primary and secondary 
methods. These methods make use of both naturally occurring, or primary reservoir 
energy and injected gas or water as a secondary source of energy. Because primary 
recovery methods leave so much oil behind, oil field operators seek to increase 
producing rates and improve ultimate recovery by injecting water and light 
hydrocarbon gases, carbon dioxide or other injection gases into the reservoir to 
displace additional oil into the producing wells. 
Introduction of water into the reservoir may cause scale formation and reduction in 
permeability of the reservoir but introduction of different gases in general will 
produce a number of alterations within the flow behavior, phase equilibrium 
properties, and the reservoir rock characteristics. One such alteration is the asphaltene 
precipitation which is expected to affect productivity of a reservoir in the course of oil 
recovery from the reservoir (David, 1973; Preckshot, Dehisle, Cottrell and Katz, 
1943; Shelton and Yarborough, 1977; Cole and Jessen, 1960; Lichaa and Herrera, 
1975; Speight, Long and Trawbridge, 1984). In most of the instances observed 
asphaltene and wax precipitation may result in wettability reversal or plugging in 
wells, tubing, pipelines, and refinery components. At present, mechanical and 
chemical cleaning methods are employed to maintain production, transportation and 
processing of petroleum at or close to economical levels. 
To prevent asphaltene deposition in different places, it is necessary to be able to 
predict the onset and amount of deposition due to various factors. One major question 
of interest in the oil industry is "when" and "how much" heavy organics will 
flocculate under certain operating conditions. Considering the trend of the oil industry 
towards the increased utilization of deeper reservoirs (heavier asphaltic crudes) and 
miscible flooding techniques of recovering oil, the role of heavy organic deposition in 
the economic development of oil discoveries will be important and crucial. As a 
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result, there is a need for understanding the nature of heavy organic compounds and 
mechanisms of their depositions. 
Over the past five decades a number of investigators have done research on the nature 
of heavy organics and the mechanisms of organic deposition. Because of the 
complexity of heavy organic substances the phenomena of organic deposition are not 
well understood. From the available laboratory and field data it is proven that the 
heavy organic substances which exist in the oil consist of particles having molecular 
weights ranging from one thousand to several hundred thousand. Also, in view of the 
complexity of the petroleum reservoirs, study and understanding of the in-situ 
precipitation of organic substances seems to be a challenging and timely task. 
Despite its large volume, today's literature on asphaltene properties is not able to 
provide a complete production strategy. Many efforts in the past have been in the area 
of miscible flooding. Nevertheless, many questions on asphaltene properties under 
primary or secondary recovery conditions remain unanswered. The process of 
accurately describing asphaltene behavior may begin at that stage. To-date, 
tremendous efforts have been made to describe the phenomena of asphaltene 
precipitation. However, no model has been able to predict asphaltene precipitation 
with good accuracy. Also, most models, with different degrees of rigorousness, rely 
on experimentally determined parameters or adjustable coefficients. In short, due to 
the complexity and inexactness of asphaltene properties, such a problem is expected. 
There are two different schools of thought as to the nature of asphaltenes in solution. 
One school of researchers considers the asphaltenes to be dissolved in a true liquid 
state, from which they may precipitate depending on the thermodynamic conditions of 
temperature, pressure and composition. Thus asphaltene precipitation is recognized as 
a thermodynamically reversible process (Hirschberg, de Jong, Schipper and Meijer, 
1984; Mansoori, Jiang and Kawanaka, 1987). The second school of researchers 
considers asphaltenes to be solid particles, which are suspended colloidally in the 
crude oil and are stabilized by large resin molecules. Consequently, the deposition 
process is considered to be irreversible. This particular approach uses methods for 
describing colloids in order to describe the phenomena of asphaltene deposition 
(Lichaa and Herrera, 1975; Lichaa, 1977; Leontaritis, 1988). 
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Deposition on the rock surface can take place when asphaltene precipitation occurs 
inside the reservoir porous medium, i. e. there is no deposition of asphaltene in the 
porous medium before the onset of asphaltene precipitation. Precipitation and 
deposition are two different processes and governed by different mechanisms. When 
precipitation occurs, asphaltene particles come out of solution, are solidified and a 
new solid phase is generated in the solution, whereas when deposition takes place on 
the rock, this can severely reduce permeability, cause formation damage and alter 
wettability. 
The main objectives of this work are: (1) describing the microscopic mechanisms of 
asphaltene deposition in a porous medium and (2) applying theoretical and 
experimental techniques of thermodynamics and fluid flow through porous media to 
develop a mathematical model for simulating the asphaltene deposition in an oil 
reservoir during the production and processing of petroleum crudes. In order to 
simulate the asphaltene deposition phenomena in porous media, it is necessary to 
know the answers to the following questions. 
1. What are the solvents (precipitants) causing asphaltene precipitation from a 
specific crude oil? 
2. What is the minimum solvent concentration for the onset of asphaltene 
precipitation from a specific crude oil under laboratory conditions? 
3. How can experimental parameters such as solvent type, solvent concentration, 
pH of a mixture of crude oil and solvent, contact time between oil and solvent, 
system temperature and pressure affect the amount of asphaltene precipitated 
from a specific crude oil? 
4. What are the best experimental and theoretical techniques for measuring and 
modelling the amount of asphaltene precipitated? 
5. Is the asphaltene precipitation a reversible process or an irreversible one? 
6. What are the mechanisms of asphaltene precipitation? 
7. What are the main parameters involved in formation damage by particle 
movement? 
8. What is a suitable porous medium to experience only asphaltene deposition 
without chemical reactions? 
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9. How can asphaltene deposition change the porous medium properties such as 
porosity and permeability? 
10. How can the experimental variables (such as injection flow rate, concentration 
of precipitated asphaltene in the flowing fluid and system temperature) reduce 
the permeability of the porous medium in which fluid flows during a flooding 
test? 
The present work is designed with the purpose of the previous objectives and 
questions. Chapter 2, presents a comprehensive literature review in accordance with 
the objectives of the study. In this chapter the chemistry of asphaltenes is presented 
since a better understanding is required in order to improve the ability to handle such 
heavy fractions. The concept of solubility parameter is utilized here to analyze and 
predict the amount of precipitation of heavy fractions. Two well-known modeling 
approaches, solubility approach and colloidal approach, are discussed in detail. The 
asphaltene particles are either dissolved or suspended, based on these two approaches. 
Four different mechanisms will be introduced for deposition of asphaltene. One or 
more of these mechanisms would describe the organic depositions that may occur 
during oil production, transportation or processing. The crucial question of 
reversibility of asphaltene deposition is also reviewed. The concept of scaling 
equation as a predictive tool for determining the onset and amount of asphaltene 
precipitation is presented. The effects of various important operational parameters on 
asphaltene deposition are briefly reviewed. This chapter includes most of the work 
that has been conducted by many researchers on asphaltene deposition in porous 
media or in producing wells. The plugging mechanisms along with the physics of 
permeability damage are also presented. Some fundamental models on water flooding 
which are relevant to asphaltene deposition are also presented in this chapter. Some 
researchers used these models for interpretation of the asphaltene deposition 
phenomena in their work. The most well-known existing models on asphaltene 
deposition in porous media are reviewed. 
Chapter 3 is concerned with details of experimental equipment and procedures 
followed in the present study. A procedure for measuring the amount of asphaltene 
precipitation is presented. A core flooding apparatus which was designed to conduct a 
large number of tests to investigate the objectives of this work, is presented in this 
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chapter. A procedure for calculation of the permeability of the porous medium under 
study is also presented. 
Chapter 4 includes all the experimental results obtained in this work along with 
detailed discussions of the results. Many tests were conducted to investigate the effect 
of solvent type and concentration, the effect of pH of the solution, the effect of system 
temperature, and the effect of contact time between the solvent and the oil on the 
amount of asphaltene precipitation. Determination of particle sizes of asphaltenes is 
presented in this chapter. Scanning Electron Microscopy and X-Ray Diffraction 
techniques were employed to characterize and measure the size of particles of 
precipitated asphaltene. Some flood tests at different temperatures, different oil to 
solvent volume ratios and different rates of injection were carried out; the results with 
respect to asphaltene deposition behavior will also be discussed in this chapter. The 
question of reversibility of asphaltene deposition is investigated and discussed in 
detail. 
Chapter 5 shows the fundamental aspects of the mathematical modeling of asphaltene 
deposition in the porous medium. A model is developed for prediction of permeability 
impairment due to asphaltene deposition. The development of the model is based on 
the deep filtration theory and the introduction of a relationship between the initial 
permeability and the damaged permeability as a function of the change in porosity due 
to asphaltene deposition in the porous medium. The results of the simulation runs are 
presented and compared with experimental results. A new scaling equation is also 
presented which allows prediction of the amount of asphaltene precipitation at 
different temperatures and dilution volume ratios of n-heptane to oil. 
The conclusions obtained in this study and recommendations for future work are 
presented in Chapter 6. 
Four appendixes are attached to the end of this report. In Appendix A, the physical 
properties of the crude oil under study are presented along with the properties of 
different mixtures of this crude oil and n-heptane. Four curves represent the effects of 
pressure, dilution ratio, and temperature on the density and viscosity of the mixtures. 
Appendix B focuses on the structure, algorithm and listing of the simulator program. 
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As an example, a typical simulation of the present tests is followed step-by-step 
through the results displayed directly on the screen during execution of the program. 
Appendix C covers the experimental results obtained in the flooding tests. 24 tables 
give the variables, parameters, experimental results, and simulated results for each 
test. In Appendix D, four examples for asphaltene deposition problems in oil field 
situations are presented and discussed. 
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Chapter 2 
Literature Review on Asphaltene Precipitation and 
Deposition 
This chapter is designed based on the objectives and questions raised to investigate 
the asphaltene deposition in porous media as explained in Chapter 1. The literature 
review is concerned with chemistry of asphaltenes, thermodynamics of asphaltene 
along with solubility / colloidal models, mechanisms of asphaltene precipitation, 
mechanisms of deposition along with the physics of permeability damage, and finally 
the most well-known existing models on asphaltene deposition in porous media. 
2.1 The chemistry of asphaltenes 
The formation of a suspended solid phase (asphaltene, resin, and wax) during 
production, transportation, and storage of petroleum fluids is related to the chemical 
and physical structure of petroleum; the latter is greatly influenced by the former. The 
solution or alleviation of the many technological problems posed by such deposition 
lies on a good understanding of the multi-phase behaviour of the species that 
precipitate. It is also necessary to understand the interactions amongst these various 
species in the local environment where phase segregation and flocculation take place 
(Kawanaka et al., 1991; Mansoori, 1997; Speight, 1999; Vazquez and Mansoori, 
2000). 
Before representing asphaltene chemistry, it is necessary to know its roots in crude oil 
classifications. Crude oils have complex composition, hence characterization by the 
individual molecular types is not possible. Instead, hydrocarbon group type analysis is 
commonly employed (Jewell et al., 1972; Leontaritis, 1997). The SARA separation is 
an example of such group type analysis, separating the crude oils in four main classes 
based on differences in solubility and polarity. Instead of molecules or atoms, certain 
structures are here considered as the components of the crude oil. The four SARA 
fractions are as follows: 
" Saturates (S), 
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" Aromatics (A), 
" Resins (R), and 
" Asphaltenes (A). 
Figure 2.1 demonstrates the SARA separation typical scheme (Speight, 1999). The 
nomenclature of the petroleum fractions, such as given in this figure, is based on the 
techniques of separation of the crude oil into its fractions (Speight, 1999; Tianguang 
et al., 2002). Narve Aske, et al. (2001) characterised a set of 18 crude oils and 
condensates by the SARA procedure. Table 2.1 shows the SARA distribution for the 
samples along with the origin and density. The samples are seen to reflect a broad 
range in SARA properties. For instance, the value of saturates range from 24.4 wt% 
for sample 18 to 82.7 wt% for sample 4. Sample 18 is a highly asphaltenic crude oil, 
while sample 4 is a light condensate. 
Saturates 
The saturates (aliphatics) are non-polar hydrocarbons, without double bonds, but 
including straight chain and branched alkanes, as well as cycloalkanes or naphtenes. 
Feed Stock 
Solution 
Precipitate I Deasphaltened oil 
Silica or 
Alumina 
3. Benzene- 2. Benzene or 1. Heptane 
Methanol Toluene 
Asphaltenes Resins Aromatics Saturates 
Fig. 2.1: SARA - separation scheme (Speight, 1999). 
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Table 2.1: SARA distribution for the samples along with the origin and density. ' 
Crude oil 
No. 
Origin Saturate 
(wt%) 
Aromatics 
(wt%) 
Resins 
(wt%) 
Asphaltenes 
(wt%) 
Density 
(g/cm3) 
1 West Africa 47.9 36.5 15.2 0.4 0.914 
2 North Sea 48.0 37.5 14.2 0.3 0.916 
3 West Africa 41.2 36.4 20.4 2.1 0.916 
4 North Sea 82.7 13.4 3.9 0.0 0.839 
5 North Sea 62.7 23.6 12.2 1.5 0.844 
6 North Sea 35.3 36.8 24.5 3.5 0.945 
7 North Sea 41.8 38.8 18.7 0.6 0.914 
8 North Sea 50.9 34.6 14.0 0.5 0.885 
9 West Africa 40.6 32.1 20.6 6.6 0.888 
10 North Sea 79.8 16.5 3.6 0.1 0.796 
11 West Africa 57.3 27.9 13.5 1.3 0.873 
12 North Sea 60.6 30.0 9.2 0.2 0.857 
13 West Africa 42.4 36.1 20.5 1.0 0.921 
14 North Sea 65.0 30.7 4.3 0.0 0.796 
15 North Sea 50.3 31.4 17.5 0.7 0.898 
16 North Sea 55.4 28.3 12.9 3.4 0.840 
17 West Africa 54.5 28.8 14.9 1.8 0.873 
18 France 24.4 43.4 19.9 12.4 0.939 
a: Data taken from Narve Aske (2002). 
Cycloalkanes contain one or more rings, which may have several alkylic side chains. 
The proportion of saturates in a crude oil normally decreases with increasing 
molecular weight fractions, thus saturates generally are the lightest fraction of the 
crude oil. Paraffin waxes are primary aliphatic hydrocarbons (both straight and 
branched chain) that change state from liquid to solid during conventional oil 
production and processing operations. In addition to aliphatics, field deposits usually 
contain aromatic, naphtenic, resin, and asphaltenic molecules as well. The combined 
mass is called wax. Paraffin waxes usually melt at about 6- 22°C. Field waxes 
contain molecules that can have melting points in excess of 34°C (Leontaritis, 1997). 
Aromatics 
The term aromatics refers to benzene and its structural derivates. Aromatics are 
common to all petroleum, and by far the majority of the aromatics contain alkyl 
chains and cycloalkanes rings, along with additional aromatic rings. Aromatics are 
often classified as mono-, di-, and tri-aromatics depending on the number of aromatic 
rings present in the molecule. Polar, higher molecular weight aromatics may fall in the 
resin or asphaltene fraction. 
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Resins 
One common definition of resin is as the fraction soluble in light alkanes such as 
pentane and heptane, but insoluble in liquid propane (Sheu et al., 1995; Speight, J. G. 
1999; Andersen et al., 2001). The resin fraction is comprised of polar molecules often 
containing hetroatoms such as nitrogen, oxygen or sulphur. Since the resins are 
defined as a solubility class, overlap both to the aromatic and the asphaltene fraction 
is expected. Despite the fact that the resin fraction is very important with regard to 
crude oil properties, little work has been reported on the charactristics of the resins, 
compared to, for instance, the asphaltenes. However, some general characteristics 
may be identified. Resins have a higher H/C ratio than asphaltenes, 1.2-1.7 compared 
to 0.9-1.2 for the asphaltenes. Resins are structural similar to asphaltenes, but smaller 
in molecular weight (Andersen et al., 2001). 
Asphaltenes 
The classical definition of asphaltenes is based on the solution properties of 
petroleum residue in various solvents as it is shown schematically in Figure 2.1. 
Asphaltenes are complex molecules defined to be soluble in benzene and insoluble in 
low molecular weight n-alkanes and can be derived from petroleum, coal or shale oil. 
Asphaltenes are also classified by the particular paraffin used to precipitate them 
from the crude oil and it has been shown (Mitchell and Speight, 1973; Corbett and 
Petrossi, 1978; Ali and Al-Ghannam, 1981; Speight, Long and Trowbridge, 1984) that 
various solvents precipitate different amounts of asphaltenes. However, the yield of 
asphaltenes is not only a function of the hydrocarbon precipitant used (Figure 2.2), but 
it is also a function of the ratio of oil to diluent (Figure 2.3) and the contact time 
(Figure 2.4) (Speight et al., 1984). The amounts precipitated with n-heptane and 
heavier n-alkanes show very little difference indicating that the most insoluble 
materials are precipitated by n-heptane. This is the primary reason for selecting n- 
heptane as the most logical solvent for obtaining the asphaltenes (IP 143/84,1984). 
However, as the precipitating n-alkane molecules get smaller, the amount precipitated 
increases sharply (Figure 2.2). The material precipitated also has a different 
composition and molecular weight from the n-heptane asphaltenes. 
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Fig. 2.4: Effect of oil and solvent contact time on asphaltene precipitation (Speight et al., 1984). 
Asphaltenes do not crystallize and thus can not be separated into individual 
components. They are dark brown to black friable solids (Speight, 1979; Speight and 
Moschopedis, 198 1) with no definite melting point. They decompose on heating leaving 
a carbonaceous residue. There are a number of studies (Long, 1981; Speight and 
Moschopedis, 1981; Boduszynski, 1981) which report the elemental compositions of 
various asphaltenes. Typical elemental compositions of asphaltene fractions 
precipitated by n-pentane and n-heptane from different parts of the world are listed in 
Table 2.2 which has been taken from Speight and Moschopedis (1981). The amounts 
of carbon and hydrogen vary over a very small range: 82±3% for carbon, 8.1± 0.7% 
for hydrogen. This indicates that the H/C ratio is also fairly constant: 1.15± 0.05. The 
constant H/C ratio suggests that asphaltenes have a definite composition. Speight 
(1978) tabulated the elemental compositions of 57 different asphaltenes from 8 
countries and found that the proportion of heteroelements (0, S, N, etc. ) varied 
significantly: 0.3 to 4.9% for oxygen, 0.3 to 1.3 % for sulphur, 0.6 to 3.3% for 
nitrogen. These values correspond to O/C ratio of 0.003 to 0.045, S/C ratio of 0.001 to 
0.049, N/C ratio of 0.007 to 0.023. 
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From Table 2.2 it is also clear that the compositions of n-heptane asphaltenes are 
different from the compositions of n-pentane asphaltenes. The H/C ratios of the n- 
heptane asphaltenes are lower than those of n-pentane asphaltenes which suggests a 
higher degree of aromaticity in the n-heptane asphaltenes. The n-heptane asphaltenes 
contain a higher proportion of heteroelements which is indicated by the higher N/C, 
O/C and S/C ratios. Asphaltenes have different physico-chemical properties, among 
which molecular weight and solubility parameter are the most important, because they 
are useful parameters in simulation modelling of asphaltene deposition problems. The 
following two sections deal with these two parameters. 
Table 2.2: Elemental composition of asphaltene fraction precipitated by different solvent! 
Source Precipitating 
Medium 
Composition (wt %) Atomic Ratio 
C H N 0 S H/C N/C O/C S/C 
Canada n- pentane 79.5 8.0 1.2 3.8 7.5 1.21 0.013 0.036 0.035 
Canada n-heptane 78.4 7.6 1.4 4.6 8.0 1.16 0.015 0.044 0.038 
Iran n- pentane 83.8 7.5 1.4 2.3 5.0 1.07 0.014 0.021 0.022 
Iran n-heptane 84.2 7.0 1.6 1.4 5.8 1.00 0.016 0.012 0.026 
Iraq n- pentane 81.7 7.9 0.8 1.1 8.5 1.16 0.008 0.010 0.039 
Iraq n-heptane 80.7 7.1 0.9 1.5 9.8 1.06 0.010 0.014 0.046 
Kuwait n- pentane 82.4 7.9 0.9 1.4 7.4 1.14 0.009 0.014 0.034 
Kuwait n-heptane 82 7.3 1.0 1.9 7.8 1.07 0.010 0.017 0.036 
a: Data taken from Speight and Moschopedis (1981). 
2.1.1 Molecular weight of asphaltene 
The molecular weight of asphaltenes has been a matter of considerable controversy 
for 20 years. Various measurements have yielded values which differ by as much as a 
factor of 1000 or more. The molecular weight of petroleum asphaltene ranges from 
approximately 1000 to 2,000,000 (Long, 1981; Speight and Moschopedis, 1981). The 
determination of molecular weights of asphaltenes is a problem because they have a 
low solubility in the liquids often used for their determination. Another concern in 
reporting molecular weights is the adsorption of resins and the dependency of 
asphaltenes on method and conditions of measurement. The reported molecular 
weight of asphaltene varies considerably depending on the method of measurement. 
For example, molecular weights determined using the centrifuge, monomolecular 
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film, and osmotic pressure methods are generally high while lower values are 
obtained with viscosity and vapour pressure osmometry (VPO) methods. The VPO 
method has become the prevalent technique for determining asphaltene molecular 
weight. However, the value of the molecular weight from VPO should be considered 
an estimate only since it is a function of the solvent and its dielectric constant. From 
the study of asphaltenes by VPO it is found that the molecular weights of asphaltene 
are not only dependent on the nature of the solvent, but also on the solution 
temperature at which determinations were performed (Corbett and Petrossi, 1978). In 
the following paragraphs some examples are given. 
Ray et al. (1957) reported molecular weights of 13000 to 30000 from ultra-centrifuge 
and a particle size of 30-40 A. It seems that strong centrifugal force may cause 
asphaltene precipitation and aggregation. Pfeiffer and Saal (1940) reported molecular 
weights of 80000 to 140000 from monolayer measurements. In this experiment, the 
solvent may cause asphaltene aggregation. Reerink (1973) utilized the viscosity 
method and reported a molecular weight of 1200 to 6800. 
However, data produced using highly polar solvents indicate that the molecular 
weights, in solvents that prevent aggregation, usually fall into the range 1500 to 2500 
(Speight et. al., 1999). It seems that this range represents real molecular weight of 
asphaltene. 
2.1.2 Particle size of asphaltene 
Particle size of asphaltene has been another area of uncertainty with early estimate 
ranging from 30 to 100 A. While Katz and Beu (1945) postulated that the particles 
must be less than 65 A, Rassamdanna and Sahimi (1996b) concluded that the size of 
the asphaltene particles is very large, ranging from about 1600 A to about 7200 A. 
They believed that particle size is, in general, a time-dependent quantity that evolves 
as the aggregation of the asphaltene particles takes place. Leontaritis et al. (1994) 
explained that the process of asphaltene flocculation appears violent and random. 
During flocculation, the asphaltene micelles rearrange, by losing (or gaining) resin 
molecules, to form larger entities, some of which are larger than 1000 A in diameter 
as determined from filtration measurements. Asphaltene micelle size distributions 
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before asphaltene flocculation are expected to be about 20 to 350 A. After 
flocculation, asphaltene particles larger than 1000 A are formed, as deduced from 
filtration measurements. The amount of suspended asphaltene particles with a 
diameter greater than 1000 A increases with the severity of asphaltene flocculation. 
They expressed that such dramatic size increase in the asphaltene particles explains 
the rock permeability impairment. 
Espinat et al. (1993) utilized a small angle neutron and X-ray scattering method for 
analysing different asphaltenic suspensions. They found that asphaltenes are flat 
aggregates whose size and molecular weight mainly depend on the solvent and the 
temperature. As temperature increases, one can notice a decrease of the molecular 
weight and particle size of asphaltene. It is important to note that at -27°C, the 
asphaltene molecular weight was 138100 and the particle diameter was 2001, while 
at 77 °C it was 21900 and 100 A. Addition of n-heptane induces an increase in the 
molecular weight and also the particle size of asphaltene. At 0% percent concentration 
of n-heptane the molecular weight of asphaltene was 49700 and its particle size was 
130 A while at 40 wt% concentration of n-heptane the reported values were 136800 
and 200 A for molecular weight and particle size of asphaltene precipitated 
respectively. Addition of a small amount of resins decreases the asphaltene molecular 
weight and its corresponding particle size. 
2.2 Thermodynamics of asphaltene 
Thermodynamics is a powerful tool to predict the onset and the maximum amount of 
asphaltene which may be precipitated from a crude oil under its specified conditions. 
To date, there have been two different fundamental approaches to the development of 
analytical models predicting asphaltene flocculation. One is the "Solubility" approach 
and the other is the "Colloidal" approach. The existing analytical models fall into two 
classes: 
(I) Solubility models in which asphaltene is dissolved in crude oil and crude 
oil forms a real solution (Fussel, 1979; Hirschberg, DeJong, Schipper and 
Meijers, 1984; Kawanaka, Park and Mansoori, 1988). 
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(II) Colloidal models in which, asphaltene is suspended in crude oil and 
peptized by resins (Leontaritis and Mansoori, 1987; Leontaritis, 1988). 
2.2.1 Solubility models 
The main concept which separates this group of models from the colloidal models is 
that asphaltenes are molecules which are considered to be dissolved in the oil like any 
other molecules (see Figure 2.5). The amount dissolved in the oil is a function of the 
thermodynamic conditions of the system. Furthermore, the process of precipitation 
and redissolution is considered to be completely reversible depending on the 
thermodynamic state of the system. As a result, conventional thermodynamic phase 
equilibrium methods may be utilized (possibly using an EOS) to predict the phase 
behavior of asphaltenes in liquid oil. 
Solubility Parameter 
The solubility parameter, S, is a measure of the cohesive energy density or the initial 
pressure that is exerted by molecules within a solution (Hildebrand and Scott, 1950). 
It is defined as: 
(AUiv )Y2 (2. iß 
v; 
where 
DU; = OH" - RT (2.2) 
OH" is the heat of vaporization of a particular liquid, R is the gas constant, and T is 
the absolute temperature. The value of the solubility parameter is characteristic for a 
specific molecule. When two liquids consisting of significantly different molecules 
are mixed together, the molecules with the higher internal pressure (i. e. higher 
solubility parameter) will "squeeze" the molecule with a lower internal pressure 
(lower solubility parameter) out of the solution matrix resulting in two immiscible 
phases. 
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Fig. 2.5: Molecular - Thermodynamic model (Leontaritis, 1988). 
The closer the solubility parameters between two substances are, the more likely it is 
for the two substances to be miscible in one another. 
Knowing that the solubility parameter is a measure of the energy of solution which 
may be used to overcome the asphaltene molecules ability' to aggregate and 
precipitate, one can find the correlation between the solubility parameters of various 
solvents and the asphaltene yield. In Table 2.3, asphaltene yields are listed together 
with the solubility parameters of various solvents. According to this Table, asphaltene 
yield increases as the solubility parameter of solvents decreases. 
Calculation of solubility parameter 
To calculate the solubility parameter, an equation of state (EOS) compositional 
simulator is first fitted to measured PVT data. Once fitted, the EOS is used to predict 
composition and fluid properties of the oil and/or solvent/oil mixtures. The solubility 
parameter, 8, is rigorously calculated with the definitions given in Eq. (2.1). Using 
thermodynamic departure functions derived for the used EOS, the internal energy of 
vaporization, DUv, of the liquid or solid phase is calculated. The molar volume, V, is 
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Table 2.3: Yield of precipitation using various solvents and Western Canadian bitumen. ' 
Solubility Parameter, 8 (MPa°') 
v 1/2 Precipitate, 
Solvent -RT wt% Bitumen 
V 
Normal hydrocarbons 
Pentane 14.4 16.9 
Hexane 14.9 13.5 
Heptane 15.3 11.4 
Octane 15.5 9.8 
Nonane 15.7 9.4 
Decane 15.7 9.0 
2-Methyl hydrocarbons 
Isopentane 13.9 17.6 
Isohexane 14.5 15.3 
Isoheptane 14.7 12.8 
Isooctan 15.1 11.5 
Isononane 15.3 10.0 
Isodecane 15.5 9.8 
Terminal olefins 
Pentene 14.5 16.2 
Hexene 14.9 13.0 
Heptene 15.3 10.9 
Octene 15.5 9.0 
Nonene 15.7 8.6 
Decene 16 8.5 
C clo araffins 
Cyclopentane 16.8 1.0 
Meth lc clo ntane 16.2 1.4 
Ethylcyclopentane 16.4 1.9 
Cyclohexane 16.8 0.7 
Methylcyclohexane 16.2 1.0 
Ethylcyclohexane 16.6 1.4 
Decalin 17.6 0 
Aromatics 
Benzene 18.7 0 
Toluene 18.3 0 
o-Xylene 18.4 0 
Ethylbenzene 18 0 
n-Propylbenzene 17.8 0 
Isopropylbenzene 17.6 0 
t-Bu lbenzene 17.6 0 
Isobutylbenzene 17.2 0 
Sec-butylbenzene 17.4 0 
t-Butylbenzene 17.4 0 
Nonylbenzene 16.8 0.3 
Decylbenzene 17 0.4 
Miscellaneous hydrocarbons 
Neopentane 12.7 21.5 
Neohexane 13.7 17.9 
Other solvents 
Pyridine 21.7 0 
Nitrobenzene 22.1 0 
Methylene dicholoride 20 0 
Chloroform 18.8 0 
Carbon tetrachloride 17.6 0 
a: Reproduced from Mitchell, D. L., and J. G. Speight, Fuel, 1973,52,149. 
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also obtained from the fitted EOS. Once the internal energy and the molar volume of 
the liquid or solid phase are known, the solubility parameter is calculated for the 
related phase. Solubility parameters may be directly obtained from the fitted EOS. 
Firoozabadi (1999) used the Peng-Robinson (PR) equation of state and derived the 
following expression for the solubility parameter: 
da V, +(, F2 + 1)b 
y 
5=[ 
2 2bV 
(a-TdT)ýV 
- +1 b 
(2.3) 
where a is the attractive parameter in the EOS, b is the co-volume in the EOS, V is the 
molar volume, "1" denotes liquid and T is the temperature. 
Hirschberg et al. model (1984) 
An earlier model (Hirschberg et al., 1984), which has been used for predicting 
asphaltene solution data by several investigators (Burke et al., 1990; Kokal et al., 
1990) employs the Flory - Huggins model of polymer solubility (Prausnitz, 1969): 
In 4,.. = (V, N, -1) + (4. -4 i) (2.4) 
where 4a,,,, ß is the maximum volume fraction of asphaltene solute, Va and V1 are the 
molar volume of asphaltene and liquid solvent, respectively, Z is the Flory interaction 
parameter and 01 is the solvent volume fraction. The Flory interaction parameter, Z, 
can also be estimated from: 
Z= Va/RT(S, - 51)2 
Assuming that 4)> » 4a, then: 
(2.5) 
1n4e. =(VaN, -1)-Va/RT(Sa -S1)2 (2.6) 
Eq. 2.6 can be used to calculate the volume fraction of the asphaltene that is soluble, 
from single component properties. The model has been applied to calculate the 
pressure and temperature dependencies of asphaltene solubility (Andersen et al., 
1999). 
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The two parameters which are essential in the performance of this model are the 
molar volume and solubility parameter of the asphaltene components. The molar 
volume is dependent on the molecular weight and the density. Density is a measurable 
parameter whereas the molecular weight is much more difficult to measure with any 
degree of accuracy. Most methods for the determination of molecular weight produce 
data that show a dependence on the ability of the asphaltenes to aggregate (Speight et 
al., 1985). Hence, the molar volume of an asphaltene is subject to aggregation effects 
and can only be speculative. The solubility parameter can be estimated by either spot 
tests or by measuring the solubility of the asphaltenes in different solvents of 
increasing solubility parameters. The asphaltene material is assumed to have a 
solubility parameter close to the solubility parameter of the best solvent. 
To determine the solubility properties of asphaltenes, Hirschberg et al., (1984) carried 
out a series of titration experiments on tank oil. They considered the oil to be a binary 
mixtures of two liquids: asphaltene and solvent. At the onset of flocculation, the 
volume fraction 4e of dissolved asphaltene is just equal to the maximum volume 
fraction, (ýa), soluble in the solvent. From each experiment they obtained one 
measurement of (4a)ß . Given the corresponding solvent properties - molar volume, VI, 
and solubility parameter, S1 (of the deasphaltened crude plus solvent and dissolved 
gas) - and an estimate of the molar volume, Va, of the asphaltene, they calculated from 
the data on (Q. the solubility parameter, Se, of the asphaltene. The amount of 
flocculated asphaltenes in a mixture of tank oil and n-heptane could be fitted 
reasonably well with their model only when asphaltene flocculation was assumed and 
a molar volume V. =4 m3/kmol [64 ft3/lb-mol] was chosen. This assumption yields an 
optimal fit between calculated and experimental data. They found that the solubility 
parameter, Sa, of the asphaltene is 19.5 MPaO'5 at 25°C and also is temperature 
dependent as, 3,, =20.04(l-1.07x 10-3 T [°C]) MPa°'S. For crude oils the solubility 
parameter varies approximately in the range of 16 up to 21 MPaO'5. For asphaltenes 
this range is approximately 19-21 MPa°'5. Experimental investigations of the 
solubility of asphaltenes in organic solvents proved the asphaltenes to have very 
similar values of the solubility parameter independent of the kind of crude oil the 
asphaltenes originated from (Browarzik et al, 1999). 
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2.2.2 Colloidal approach 
Based on the colloidal nature of asphaltenes, a thermodynamic colloidal model (T-C 
Model) of asphaltene flocculation was proposed, as depicted in Figure 2.6, for 
predicting the phase behavior of asphaltenes in crude oil and its derivatives 
(Leontaritis and Mansoori, 1987; Leontaritis, 1988). 
Resin (polar, aromatic/heteroatom) molecules 
Aromatics molecules 
Parafinic, olefinic, and naphthenic molecules 
Asphaltenic particles or kernels 
Fig. 2.6: Thermodynamic-Colloidal model (Leontaritis, 1988). 
The basic principle behind the formulation of the T-C Model is that the transfer of 
peptizing agents (i. e. resins) from the asphaltene phase to the oil phase and vice-versa 
is responsible for the aggregation of entities which causes them to drop out of 
suspension. The highly polar centers (i. e. kernels) of the asphaltene micelles have a 
natural tendency to attract each other (i. e. aggregate), grow in size (i. e. flocculate), 
and, as a result, drop out of solution or suspension. 
However, the outer layer of an asphaltene micelle (i. e., the peptizing layer or resins) 
serves as a stabilizer, which due to steric repulsion with the outer layer of different 
micelles keeps it from flocculating (See Figure 2.7). As Pfeiffer and Saal 
hypothesized 50 years ago, there is a smooth transition in terms of physical and 
chemical properties from the inner side of the peptizing layer to the outer edges. For 
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example, the highly polar resin molecules tend to concentrate at the inner side of the 
peptizing layer, whereas the less polar concentrate outside. 
The size of the asphaltene micelle and the thickness of the peptizing layer at the onset 
depends on a number of factors, e. g. nature of asphaltenes and resins, composition of 
oil (or solvent power of oil), temperature, pressure etc. Whether the asphaltene 
micelles remain peptized or flocculate depends on the solvent properties of the oil at 
the prevailing thermodynamic conditions. A pertinent question at this point is, at the 
Fig. 2.7: Asphalten-Resin micelle (Leontaritis, 1988). 
existing equilibrium distribution of peptizing agents between the asphaltene and oil 
phases, whether the solvent power of the liquid oil phase is large enough to keep the 
asphaltene micelles from flocculating? Or, in different terms, are the steric repulsion 
forces between the asphaltene micelle outer layers large enough to oppose the 
attractive forces between the inner and highly polar micelle centers (i. e. the kernels)? 
The process of flocculation may be described as follows (See Figure 2.8): 
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a. As a certain crude oil or bitumen sample is titrated against a flocculant (i. e., n- 
heptane) two important changes with respect to asphaltene micelle flocculation 
are occumng: 
i. The solvent power of the oil changes in a way that the outer layers of 
peptizing agents are transferred to the oil phase. 
ii. The asphaltene micelle overall polarity (or aromaticity) or tendency to 
flocculate increases because the oil phase is becoming less polar (or 
less aromatic) whereas the asphaltene phase is becoming more polar 
(or more aromatic). 
b. At the onset of asphaltene flocculation the outer layer of the micelle is stripped 
deep enough and the solvent power of the oil has been lowered to the point 
that the altered micelles may now attach to each other, grow in size and drop 
out of suspension. 
It is evident from the above description that the micelle size at the onset of 
flocculation is a function of the flocculant used during titration. The original T-C 
Model, in order to keep the mathematics simple, treated the nature and size of the 
asphaltene micelle at the onset as a function of temperature only. This assumption 
may be acceptable for flocculants like normal heptane and heavier paraffins with 
which the maximum amount of flocculated asphaltenes is essentially constant. For 
flocculants equivalent to lighter paraffins, however, the nature and size of flocculated 
asphaltene micelles is a function of both temperature and type of flocculant and as a 
result the assumption needs to be relaxed. In the important case of predicting 
asphaltene flocculation during gas EOR, the miscible injectants often used are 
equivalent to normal paraffins lighter than heptane. As a result, in these cases the T-C 
Model would require as input experimental onsets of asphaltene precipitation of the 
oil with lighter paraffins as well (i. e., n-C3, n-C4, n-C5), in order to relax the 
assumption that the micelle size is independent of the flocculant. 
The T-C Model has been described in more detail by Leontaritis (1988). In brief, the 
model utilizes conventional macroscopic thermodynamics and the equation of state 
approach to perform VLE equilibrium calculations for establishing the liquid phase 
from which asphaltenes may flocculate. Next the model uses the thermodynamic 
equality of the chemical potentials between phases at equilibrium to determine the split 
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Fig. 2.8: Effect of addition of a flocculant on thinning of the peptizing layer (Leontaritis, 1988). 
of peptizing agents (i. e., resins) between the oil and asphaltene phases. Specifically, at 
equilibrium, the chemical potential of the resin in the asphaltene phase, i. e.: 
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Asphalten Phase 
_ 
Oil Phase (2.7) 
9 
Re sin - 
LL Re sin 
In the T-C Model the chemical potential of the resin in the oil phase is calculated by 
considering the resins as large polymeric molecules, hence, invoking the Flory- 
Huggins statistical thermodynamic polymer theory (Huggins, 1941; Flory, 1953; 
Hirschberg, DeJong, Schipper and Meijers, 1984). The following equation is based on 
the above theory: 
ýµ'R 
= 
µR -(11R)ref 
_1n(4R)'1- 
VR 
+Z 
(2.8) 
RT RT V. 
where OR is the volume fraction of resin in the liquid, VR and V. are the molar volume 
of resin and liquid mixture respectively, Z is the Flory-Huggins interaction parameter 
(Eq. 2.5). 
It should be noted here that the main reason for using the Flory-Huggins model for the 
resin chemical potential calculations is simplicity. In fact, utilizing a polydisperse 
polymer theory, e. g. the Scott and Magat (1945) Theory, may prove to be more 
accurate, provided that the required input data of the model could be obtained 
accurately. 
Another possible choice is the use of a cubic equation of state. This, however, is not 
recommended because cubic equations of state are normally based on the extended 
corresponding states theory which is known not to be accurate for systems with 
heavy, highly dissimilar, and polar molecules. The choice of the method for 
calculating the resin chemical potential is left to the individual engineer. Not enough 
work has been done in this area to tilt the balance one way or the other, from the 
author's point of view. For a more detailed description of the recommended procedure 
for calculating the onset of asphaltene flocculation the reader is directed to the 
original publications about this approach (Leontaritis and Mansoori, 1987; Leontaritis, 
1988). 
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2.2.3 Mechanisms of asphaltene precipitation 
Before one starts to develop a mathematical model for the precipitation phenomenon, 
one must address the true state of asphaltenes in the crude oil and the mechanism by 
which they flocculate. As the preceding sections show, there have been a number of 
studies to provide answers to these questions. Unfortunately, there is still 
disagreement in the research community as to the state of asphaltenes in oil and their 
flocculation mechanisms. Understanding the mechanism of the heavy organic 
deposition would result in more economical, environmentally sounder, and speedier 
oil production, transportation, and processing technologies. The kind and amount of 
depositions of heavy organics from petroleum fluids vary, depending on the 
hydrocarbons present in oil and the relative amounts of each family of heavy organics 
(Newberry and Barker, 1985; Addison, 1989; Garcia et al., 1989; Kawanaka et al., 
1991; Escobedo and Mansoori, 1992). Four different effects (mechanisms) are 
recognized for such depositions. One or more of these mechanisms would describe the 
organic depositions that may occur during oil production, transportation or processing 
(Mansoori, 1997). Based on these four different mechanisms four models are provided 
which are detailed by Mansoori (1997). 
1. Polydisuersivity effect 
The degree of dispersion of heavy organics in oil depends upon the chemical 
composition of petroleum (Kawanaka et al., 1991). The ratio of polar/non-polar and 
light/heavy molecules and particles in petroleum are the factors primarily responsible 
for maintaining the stability of the polydisperse oil mixture. Deposition of heavy 
organics can be explained by an upset in the polydisperse balance of oil composition. 
Any change in temperature, pressure, and composition, such as addition of a solvent 
to oil may destabilize the polydisperse oil. For example, upon increase in the aromatic 
hydrocarbon content of a crude oil (a polar miscible solvent) asphaltene particles form 
micelle-type aggregates which do not grow in size with increasing concentration. This 
phenomenon is simply due to packing constraints, resulting from the complicated 
molecular structure of asphaltene (Sheu et al., 1991). On the other hand, upon increase 
in the paraffinic hydrocarbon content of a crude oil, asphaltene particles may separate 
into a solid aggregate phase. Segments of the separated fractions which contain sulfur, 
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nitrogen, oxygen and/or hydrogen bonds could start to flocculate and as a result 
produce the irreversible heavy organic deposits which may be insoluble in solvents 
(Mansoori, 1997). 
2. Steric colloidal effects 
It is demonstrated that some of the components of petroleum, especially asphaltene 
have a strong tendency for self-association. Upon further increase of the paraffinic 
hydrocarbon content of a crude oil some of the heavy organics will form colloids, will 
separate from the oil phase into an aggregate and then will remain suspended in oil by 
some peptizing agents, like resins, which will be adsorbed on their surface and keep 
them afloat. Stability of such steric colloids is considered to be a function of 
concentration of the peptizing agent in the solution, the fraction of heavy organic 
particles surface sites occupied by the peptizing agent, and the equilibrium conditions 
between the peptizing agent in solution and on surface of heavy organic particles. The 
amount of peptizing agent adsorbed is primarily a function of its concentration in the 
oil (Katz and Beu, 1945; Ray et al., 1957; Witherspoon and Winford, 1967; Kim et 
al., 1994; Mansoori, 1994). 
3. Aeareeation effect 
A concentration variation of a peptizing agent (such as resins) in oil will cause its 
adsorbed amount on the surfaces of heavy organic particles to change. The peptizing 
agent concentration in oil may drop to a point at which its adsorbed amount would not 
be high enough to cover the entire surface of heavy organic particles. This may then 
permit the heavy organic particles to come together (irreversible aggregation), grow in 
size, and flocculate. The nature and shape of the resulting aggregates will determine 
their effect on the behavior of the petroleum fluids (Park and Mansoori, 1988, 
Mukhametzyanov and Kuzeev, 1991, Kim et al., 1994). 
4. Electrokinetic effect 
When the oil is flowing in a conduit (porous medium, well, pipeline, etc. ) there is an 
additional effect (electrokinetic effect) to be considered in the deposition of its 
colloidal heavy organic constituents (Lichaa and Herrera, 1975, Mansoori, 1994). 
This is because of the development of an electrical potential difference along the 
length of the conduit generated by the motion of charged colloidal particles. This 
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electrical potential difference could then cause a change in the charged and colloidal 
particles further down the conduit, the ultimate result of which is their untimely 
deposition and plugging of the conduit. 
The factors influencing this effect are the electrical, thermal and wettability 
characteristics of the conduit, flow regime, temperature, pressure, flowing oil 
properties, characteristics of the polar heavy organics and colloidal particles, and 
blending of the oil. 
Flowing oils containing, both, polar (like asphaltene) and non-polar (like paraffin) 
macromolecules could have plugging problems which would be a result of the 
combination of electrokinetic and dynamic pour point effects. Depending on the 
operation and the kind of heavy organics present in the oil one or more of the effects 
described above will cause heavy organic depositions (Escobedo and Mansoori, 1992; 
Mansoori, 1994). 
2.2.4 Reversibility of asphaltene precipitation 
A fundamental understanding of the aggregation and precipitation of asphaltene in 
petroleum crudes is important for the development of preventive and curative 
measures for the potential problem of asphaltene deposition occurring during 
production, transport and refining operations. 
The question of reversibility of asphaltene precipitation is crucial for a clear 
understanding of the precipitation phenomenon, investigating the validity of 
asphaltene precipitation models based on solution thermodynamics or colloidal 
theory. For example, thermodynamic theories predict that asphaltene precipitation is 
fully reversible while the colloidal theory predicts irreversible precipitation. 
Furthermore, it helps in development of mathematical models that describe the 
behavior of asphaltene in petroleum fluids, and the design of inhibitors. 
Pfeiffer and Saal (1940) believe that asphaltene precipitation is not reversible mainly 
due to experimental observation of the colloidal behavior of asphaltene suspensions. 
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Hotier and Robin (1983) have argued that the results from titration experiments show 
that asphaltene precipitated by the addition of a precipitant can be re-dissolved by the 
addition of a solvent. This is however, no firm indication for reversibility because the 
addition of a solvent is not the reverse process of the addition of a precipitant. 
Hirschberg et al. (1984) observed reversibility of asphaltene precipitation with 
pressure at 94°C. They assumed that asphaltene precipitation is reversible but is likely 
to be very slow. The pressure reversibility addressed by them at high temperature 
seems to be accepted by others. Using the reversible thermodynamics of the 
asphaltene precipitation, Hirschberg introduced an aggregation model for asphaltenes 
and resins to describe the asphaltene precipitation in crude. 
Danesh et al. (1989) observed that the miscible displacement of oil with propane did 
not induce any significant precipitation of asphaltenes in pores. However, bulk mixing 
of propane and oil can promote asphaltenes flocculation, severe pore plugging and 
permeability impairment. Injection of propane could not substantially remove the 
deposits and clear the pores whereas injection of the fresh oil resulted in the gradual 
disappearance of the deposits. The oil partially dissolved asphaltenes, weakened their 
adhesion and swept away the deposits. The effect of clearing the pores and improving 
the permeability is a good evidence of reversibility. 
Andersen (1992) performed reversibility experiments by the gravimetric method 
using a mixed solvent (toluene and n-heptane) with toluene contents ranging from 10 
to 40 volume percent. He measured the precipitation of asphaltenes from crude oils 
upon addition of a given toluene/heptane mixture. He then measured the dissolution of 
asphaltenes extracted from the same crude oil in the same mixtures of toluene and 
heptane. He observed that the amount of precipitated asphaltenes was higher during 
the dissolution experiments than the precipitation experiments, producing a hysteresis 
curve. However, since the precipitation experiments were performed with whole oil 
and the dissolution experiments were only performed with the asphaltene fraction, the 
experiments could not be categorized as true reversibility runs. The hysteresis could 
be caused by maltenes (the non-asphaltenic crude oil fraction) enhancing the 
solubility of asphaltenes during the precipitation experiments. 
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Andersen and Stenby (1996) studied the effect of temperature on asphaltene 
precipitation/dissolution. They used a mixed solvent (toluene and n-heptane) and 
performed solvent reversibility runs at 24,50, and 80°C. Although the reversibility of 
precipitation with temperature was not explicitly investigated, the results 
demonstrated that asphaltenes partially re-dissolve with an increase in temperature. 
Fotland (1996) and Wang et al. (1999) have speculated that asphaltene precipitation 
is less likely to be reversible for crude oils subjected to conditions well beyond those 
of the precipitation onset. 
Rassamdana et al. (1996a) performed experiments at room temperature to study the 
reversibility of asphaltene precipitation with respect to composition. Normal hexane 
was mixed and then stripped from the crude. They observed that part of the 
precipitated asphaltene redissolved into solution and concluded that the asphaltene 
precipitation process is partially reversible. 
Clarke and Pruden (1996,1997,1998) indicated that there is a fundamental difference 
between attempts to re-dissolve asphaltenes using aromatic solvents and performing 
true reversibility studies. With a heat transfer apparatus Clarke and Pruden performed 
reversibility experiments at a constant temperature by adding and then removing n- 
heptane from Cold Lake bitumen. Although the amount of precipitated asphaltenes 
was not measured directly, the temperature profiles indicated that the asphaltenes re- 
dissolved as n-heptane was removed. However, the dissolution did not follow the 
precipitation path. They speculated that the segregation kinetics are slower than the 
aggregation kinetics leading to a hysteresis. This means that the re-dissolution curve 
would follow the precipitation curve if the time for re-dissolution were increased 
sufficiently. 
Pacheco-Sanches and Mansoori (1997) suggested that asphaltene flocculation is 
irreversible. 
Buckley et at. (1997) presented experimental data that support the notion of complete 
reversibility of asphaltene precipitation. They suggested slow kinetics of asphaltene 
precipitation and flocculation. 
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Mohamed et al. (1997) experimentally verified that the asphaltene precipitation- 
dissolution process in liquid titration is reversible. Using a method similar to that used 
by Rassamdana et al. (1996), they precipitated asphaltene by n-heptane and n-decane, 
and then reduced the precipitant/crude ratio by either evaporating the diluent or 
adding fresh oil. Full redissolution could not be observed at room temperature after 
continues stirring for 24 hours. However, when ultrasound was used for the mixing, 
complete redissolution was observed immediately, demonstrating that the process is 
reversible. 
Hammami et al. (1999) used SDS (solids detection system) for their work and 
concluded that asphaltene precipitation is generally reversible but that the kinetics of 
the redissolution strongly depend on the physical state of the system. Asphaltene 
precipitation and redissolution can be time dependent. 
Peramanu et al. (2001) reported differences in the reversibility of solvent- and 
temperature-induced aggregation. Their investigation confirmed that solvent 
treatments can be an effective method for re-dissolving asphaltenes as long as there is 
sufficient turbulence to break-up the asphaltene particles; other results suggested that 
temperature treatments may not be the best method for re-dissolving asphaltenes. 
2.2.5 Scaling equation 
The amount of asphaltene precipitated is a crucial factor for determining the degree of 
permeability reduction of the reservoir rocks. It is essential to know how much 
asphaltene precipitates as a function of temperature, pressure and liquid phase 
composition. The objective of this part of work is to present a simple and accurate 
mathematical model, capable to predict the amount of asphaltene precipitated at a 
given operating condition. 
Unfortunately, the existing thermodynamics models can not predict "When" and 
"How much" asphaltene precipitates in operational condition precisely because of the 
complex nature of asphaltenes and the large number of parameters affecting 
precipitation. The validity of such models depends on the reversibility of asphaltene 
precipitation. Analytically, an EOS used for calculating thermodynamic parameters is 
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assuming that asphaltene precipitation is completely reversible. The calculating 
process often is found to be a difficult task because of the complexity of the 
asphaltene. Nevertheless neither using EOS nor assuming asphaltene reversibility 
brings enough accuracy and trustable results. 
Recently, Rassamdana et al. (1996a, 1996b) introduced a scaling equation as a new 
method for predicting the amount of asphaltene precipitation due to addition of n- 
alkane. The new method is simple and the complex properties of asphaltene are not 
involved. 
Rassamdana et al. (1996a) gathered extensive experimental data for the amount of 
precipitated asphaltene formed with crude oil and various solvents (n-C5 to n-C1o). 
Figure 2.9 shows their experimental results for the weight percent of precipitated 
asphaltene W (in grams of asphaltene of the crude oil under study) for five different 
solvents (n-alkanes) and various dilution ratios, Rm, the ratio of the solvent volume to 
the mass of crude oil (in cm3/g). 
All experiments were performed at atmospheric pressure and room temperature. They 
employed a thermodynamic model that uses the Flory-Huggins theory of polymer 
solutions. An equation of state was also used for predicting the experimental data, but 
its predictions were found to be in disagreement with the data. As an alternative, they 
proposed a simple scaling equation that appears to be capable of providing accurate 
prediction of the data. 
Figure 2.9 shows how type of solvent and its dilution ratio can affect the amount of 
asphaltene precipitated, W. All curves in this figure start at about the same point 
(close to their onset point) and at large value of R,,,, they become more or less parallel. 
With this sort of curves, it is suggested that a scaling equation can be developed to 
collapse all curves into a single curve. Park et al. (1988) assumed that formation of 
asphaltene structure is to some extent similar to aggregation and gelation phenomena. 
These phenomena are associated with universal properties independent of many 
microscopic aspects of their structure. 
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Fig. 2.9: Experimental data for the weight percent W of precipitated asphaltene as a function of 
the solvent to crude oil ratio L. Results are from top to bottom for n-CS , n-C6, n-C7, n-C8, n-C10 
as the solvent (Rassamdana et al., 1996a). 
To develop such a scaling equation Rassamdana et al. (1996a) identified three main 
variables: 
- W, Amount of asphaltene precipitated (wt%), 
- R,, Solvent to oil dilution ratio (cm3/g), 
- M, Molecular Weight of solvent, 
and combined them into two new variables X and Y according to: 
X_ 
Rm (2.9) 
MZ 
and 
Y_W 
(2.10) 
Z Rm 
z and z' are two adjustable parameters which must be carefully tuned to obtain the 
best fit of the experimental data. They suggested z'= -2 as a universal constant 
regardless of oil and precipitant used and z=0.25. A plot of Y vs. X, resulted in a 
single curve that collapses all data as depicted in Figure 2.10. 
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Fig. 2.10: Rassamdana et al. 's scaling equation collapses all data onto a single curve. Symbols 
represent the rescaled experimental data (Rassamdana et al., 1996a). 
The 3rd order polynomial function Y=1.1 8-14.9X+39.16X2+0 . 92X3 represents this 
curve. They used this equation to back-calculate the experimental data shown in 
Figure 2.9 and found that the predictions of the scaling equation are in very good 
agreement with the data. In general, the following equation is adequate for 
representing the scaling equation 
Y=A1+A2 X+A3 X2+A4 X3 (X 2 X) (2.11) 
where A; (i =1-4) denote the scaling coefficients and & is the value of X at the onset 
point of asphaltene precipitation. Presenting all gathered data with a 3'd order 
polynomial has three important implications and consequences. First of all, the 
possibility that such data can be collapsed into a single curve is novel and surprising. 
Usually only dimensionless groups can collapse the data into a single curve whereas 
X and Y are not dimensionless. Secondly, such a scaling curve also provides accurate 
prediction for those values of Rm for which no data are available because their 
measurement is difficult. Finally, the scaling representation of data implies a 
universal property for the onset of precipitation. 
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They also determined the critical dilution ratio Rx, at which the onset of asphaltene 
precipitation takes place, as a function of molecular weight of the solvent by setting 
Y=O. The result was Rr, = 0.275M114 which shows that at the onset, R,. only depends 
on the solvent molecular weight. A general form of the above equation is Rc M'14 
in which c is a temperature dependent coefficient. 
Yu-Feng Hu et al. (2000) performed a detailed study on the application of the scaling 
equation proposed by Rassamdanna et al. (1996a) for asphaltene precipitation. They 
checked the predictive capability of the scaling equation by comparison with literature 
precipitation data and reported that the scaling equation is an attractive tool for 
modeling asphaltene precipitation. They examined the universality of the exponents z 
and z' and found that z' is a universal constant (z' = -2) while z depends on the oil 
composition and is independent of the specific precipitant (n-alkane) used. For the 
experimental data used, they found also that the best matching value of z is generally 
within the range of 0.1 : Q! -. 0.5. 
Despite the simplicity and accuracy of the scaling equation mentioned above, it is 
limited to use at a constant temperature, since temperature is not involved in the 
equation as a variable. Hence, it is not adequate for correlating and predicting the 
asphaltene precipitation data measured at different temperatures. In this regard 
Rasamdana et al. (1996b) modified their scaling equation by implanting a temperature 
parameter in the scaling equation. Based on previous equations they defined two new 
variables X' and Y': 
x'_ X (2.12) 
Týý 
and 
1,, _Y 
(2.13) 
X°_ 
in which X and Y are variables defined as in Eqs. (2.14) and (2.15), and constants c1 
and c2 are adjustable parameters. They reported that a good fit of their experimental 
data can be achieved by setting c1 = 0.25 and c2 = 1.6. Again the new scaling equation 
is a 3`d order polynomial in the general form of the following equation: 
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Y'=b1+b2 X'+b3 X'2+b4 Xr3 (X' 'c) (2.14) 
Yu-Feng Hu et al. (2001) studied experimentally the effect of temperature, molecular 
weight of n-alkane precipitants and dilution ratio on asphaltene precipitation in a 
Chinese crude oil. The amounts of asphaltene precipitation at four temperatures in the 
range of 293-338 K have been measured using seven n-alkanes as precipitants. They 
found that their experimental data can not be well correlated by setting cl = 0.25 and 
c2 = 1.6 as recommended by Rassamdanna et al. (1996b) and reported that all 
available experimental data can be correlated successfully by choosing cl = 0.5 and c2 
= 1.6. They mentioned that all precipitation data well collapsed onto a single curve. 
Yu-Feng Hu et al. (2001) showed that the proposed new scaling equation is adequate 
for correlating and predicting the asphaltene precipitation data measured at different 
temperatures using various n-alkane precipitants. 
2.3 Effect of operating conditions on asphaltene precipitation 
Asphaltene precipitation may occur during miscible flooding. Changes in pressure and 
temperature during production, even in primary mode, may cause asphaltene 
precipitation. Also, during acid stimulation or cyclic CO2 injection, similar 
destabilization may occur. The major factors which may cause asphaltene 
precipitation are as follows (Trbovich and King, 1991): 
2.3.1 Effect of temperature with dead oil 
Different trends in the dependence of asphaltene yield on temperature have been 
reported. In the refining literature it is commonly noted that the asphaltene yield 
mainly by n-propane treatment increases with increasing reaction temperature 
contrary to most other types of solvent extracting processes (Mitchel and Speight, 
1973 and Hotier and Robin, 1983). However, a vast number of reports exist showing a 
decrease in the precipitated amount with increasing temperature using n-alkanes with 
carbon number above 5 (Ali and Al-Ghannam, 1981, Fuhr et al., 1991, Hu et al. 
2001). Andersen and Birdi (1990) reported the occurrence of an initial increase in 
asphaltene yield followed by a decrease in yield using different solvents, leading to 
maximum precipitation at a certain temperature as shown in Figure 2.11. 
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Fig. 2.11: Precipitated asphaiteues (%w/w) vs. temperature using u-Cs to a-C8 (Andersen et al., 1990). 
As indicated, the precipitation curves exhibit a maximum at 25°C for all n-alkanes used, 
and this maximum becomes more pronounced as the carbon number decreases. Thus, 
there may be a dependence of the temperature effect on the actual carbon number of 
the precipitant, as increasing asphaltene yields with temperature may be specific to 
octane and the lower n-alkanes (Andersen et al., 1990). 
However, the temperature has been found to significantly affect the composition of 
the asphaltenes (Andersen and Birdi, 1990, Fuhr et al., 1991), which is in accordance 
with the description of asphaltene precipitation (Long, 1981). In order to address the 
effect of temperature on the amount and the composition of asphaltene, Anderssen 
(1994) conducted several separation experiments from Boscan and Kuwait crude oils 
by n-heptane at constant temperatures ranging from -2 to 80°C. The yield of 
asphaltenes from both crudes was found to decrease with increasing precipitation 
temperature (Figure 2.12). The increased solubility at elevated temperatures is in 
agreement with the knowledge from ideal and regular solutions (Hildebrand and 
Scott, 1950) regardless of the complex nature of the system in question. 
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Fig. 2.12: Effect of temperature on n-heptane asphaltene precipitated (Andersen, 1994). 
Andersen (1994) observed that with elevated temperature the asphaltenes are more 
aromatic (lower H/C) and have higher apparent molecular weight. This implies that 
the material remaining in solution at increased temperature has a higher H/C ratio, 
which indicates a higher solubility in n-heptane. 
He believes that asphaltene precipitation may not be sensitive to temperature, and that 
temperature may increase or may decrease the onset of asphaltene precipitation. Both 
increase and decrease of solubility of asphaltenes with increasing temperature exists 
as reported in the literature, and may be determined by the strength of the forces 
responsible for the aggregation of asphaltene molecules. The decrease of solubility 
with increasing temperature is caused by specific interactions between molecules of 
the asphaltene fraction increased by thermal motion leading to increased aggregation 
or adsorption of smaller molecules. The aggregating or adsorption bonds will at a 
given temperature start to rupture, and the solubility will increase on further increase 
of the temperature. Pressure can have an important effect on asphaltene precipitation, 
with a pressure decrease often causing asphaltene precipitation. 
Literature Review on Asphaltene Precipitation and Deposition 39 
2.3.2 Effect of pressure with dead oil 
Since pressure decline is the most dominating factor during primary deposition, it is 
appropriate to discuss the effect of pressure on asphaltene precipitation in this section. 
One of the earliest observations of pressure effects on asphaltene flocculation was 
made by Bilheimer et al. (1949). They observed that the purified bitumen was 
precipitated from its solution or dispersed in tetralin by the addition of n-pentane, and 
that the separation occurred at lower weight fractions of n-pentane at lower 
temperatures. 
The bitumen-tetralin solutions showed some colloidal characteristics at temperatures 
below 71.1 °C at which the bitumen separates as a solid phase. At temperatures above 
71.1 °C, these characteristics become less evident. Under these circumstances the 
mixtures tend to follow the behavior of true solutions, particularly with regard to the 
approach to heterogeneous equilibrium. Figure 2.13 shows the variation in asphaltene 
precipitation as a function of pressure and temperature as presented by Bilheimer et 
al. (1949). 
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Fig. 2.13: Effect of pressure and temperature on asphaltene precipitation (Bilheimer, 1949). 
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Note that there is a consistent decrease in asphaltene precipitation as the pressure is 
increased. This trend is more obvious for high temperature (104.4°C). This 
observation was further validated by Lhioreau et al. (1967). They reported that 
pressure can increase asphaltene solubility. Figure 2.14 shows asphaltene precipitation 
as a function of pressure for a temperature of 20°C. As can be seen from this figure, 
the pressure dependence of asphaltene precipitation is linear, similar to what 
Bilheimer et al. (1949) observed. 
The solubility parameters of gas-free liquids are not significantly affected by changes 
in pressure with low to moderate temperatures (Barton, 1983). 
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Fig. 2.14: Effect of pressure on asphaltene precipitation (Lhioreau et al., 1967). 
2.3.3 Effects of pressure and temperature with live oil 
Low molecular weight hydrocarbons are dissolved into the liquid phase; as a result, 
the solubility parameter of the liquid phase is decreased and precipitates may form. As 
more solvent gas dissolves into the live oil, the solubility parameter of the oil 
decreases further. For this reason the effects of pressure and temperature on the 
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amount of asphaltene precipitation with live oil is considerably different with that of 
dead oil. 
Burk et al. (1990) performed extensive work on nine solvent/oil systems using live 
reservoir fluids with stock tank gravities ranging from 40 to 18°API. Precipitation 
tests were performed on mixtures containing 0,20,40,60, and 80 mole% of solvent in 
the total mixture. Samples containing only live oil were also tested to observe the 
effects of temperature and pressure on precipitation. They simulated reservoir 
conditions very closely and collected experimental data at various pressures and 
temperatures. The experiments performed consisted of PVT measurements, 
compositional analyses, measurements of physical properties, and static precipitation 
tests. The experimental data collected were then used to test the thermodynamic 
model developed based on the Flory-Huggins polymer solution theory. Burk et al. 
(1990) used the Zudkevich-Joffe-Redlich-Kwong (ZJRK) equation of state and tuned 
a compositional simulator to match experimental results with theoretical predictions. 
The most important findings may be summarized as follows: 
1. As pressure is reduced, a decrease in the solubility parameter of the oil is 
observed until the bubble point pressure is reached. This decrease results from 
the decrease in oil density as the pressure is reduced. Below the bubble point 
pressure, solution gas evolves from the oil and the remaining liquid phase 
becomes increasingly richer in heavier components, causing the solubility 
parameter of the liquid mixture to increase. This behaviour indicates that 
precipitates will most likely form at the saturation pressure. 
2. For liquids, temperature affects both the internal energy of vaporization and 
the density. The changes in these properties result in an increase in the 
solubility parameter of the oil as temperature decreases. Figure 2.15 compares 
solubility parameter vs. pressure for an oil at 130 and 250°F (54 and 121 °C). 
Precipitation should be less at lower temperatures because the solubility 
parameter of the oil will be closer to that of the asphaltenes. 
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Fig. 2.15: Effect of pressure and temperature on solubility parameter (Burke et al., 1990). 
2.3.4 Effect of miscible flooding 
Flooding of a rich gas destabilizes the asphaltene-crude oil mixture by lowering the 
carbon-to-hydrogen ratio in the solution (Mansoori and Jiang, 1985). Usually 
stripping gas from the oil has been shown to improve the solubility of asphaltene 
(Thaver, Nicoll and Dick, 1989). The straight-chain hydrocarbons have less affinity 
for the asphaltic ring structures than oils that have a higher carbon-to-hydrogen ratio. 
The negative effect of rich gas has a maximum near the bubble point (Akbar and 
Saleh, 1988; Leontaritis and Mansoori, 1988; Monger and Trujillo, 1988; Thaver, 
Nicoll and Dick, 1989). This effect is alleviated after the bubble point is reached 
(Thaver, Nicoll and Dick, 1989). This peculiar behavior near the bubble point is more 
pronounced for a rich gas than for carbon dioxide (Monger and Trujillo, 1988). 
2.3.5 Effect of well stimulations 
Water, acid, and CO2 can contribute to the precipitation of asphaltenes. The 
asphaltene concentrates at the water or acid interface and causes the formation of rigid 
films. Carbon dioxide appears to cause a reduction in solubility of asphaltenes (similar 
to propane) and, in addition, can cause the formation of rigid films because of its 
effects on the pH of any water present. Generally asphaltene precipitation increases as 
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the pH of the crude oil decreases (Lichaa, 1977). Well stimulation with fluids, such as 
HCI, can cause significant damage in wells that produce asphaltic crude oil. The acid 
can cause precipitation of asphaltenes and rigid films when it contacts the crude oil 
and, in turn, cause significant damage to the porous medium near the wellbore. 
Attempts to remove the deposited asphaltenes and rigid films are often unsuccessful, 
requiring the re-drilling of the well in severe cases. It is important to test for 
compatibility of stimulation fluids with reservoir crudes whenever the reservoir crude 
is known to be asphaltic. 
A complete description of the asphaltene deposition problems in the oil industry is 
presented in Appendix D. The experiences of the oil industry in tackling this problem 
are reviewed and several actual field situations are examined. 
2.4 Fundamentals of asphaltene deposition in porous media 
There are three primary sources of fine particles in petroleum bearing formations: 
1. Invasion of foreign particles carried with the fluids injected for completion, 
work over, and improved recovery purposes. 
2. Mobilization of in-situ formation particles due to the incompatibility of the 
fluids injected into porous media and by various rock-fluid interactions. 
3. Production of particulates by chemical reactions, and inorganic and organic 
precipitation. 
Fluids injected into petroleum reservoirs usually contain iron colloids produced by 
oxidation and corrosion of surface equipment, pumps, steel casings, and drilling string 
(Wojtanowicz et al., 1987). Brine injected for water flooding may contain some fine 
sand and clay particles. Mud fines can invade the formation during overbalanced 
drilling. These are some examples of the externally introduced particles. 
Petroleum bearing formation usually contains various types of clay and other mineral 
species attached to the pore surface. These species can be released by hydrodynamic 
shear of the fluid flowing through porous media. Fine particles can also be generated 
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by deformation of rock during compression and dilatation. This is due to variation of 
the net overburden stress and loss of the integrity of rock grains. Fine particles are 
unleashed and liberated because of the integrity loss of rock grains by chemical 
dissolution of the cementing materials in porous rock, such as by acidizing or caustic 
flooding. These are the typical internal sources of indigenous fine particles. 
Particulate matter can be produced by various chemical reactions such as the salt 
formation reactions that occur when the seawater injected for water flooding mixes 
with the reservoir brine, or the precipitation of asphaltene due to change of the 
thermodynamic conditions and of the composition of the fluids by dissolution or 
liberation of light gases (Amaefule et al., 1988). These are typical examples of 
particle production in porous media. 
When fluids are flowing through porous media, the various particles migrate by four 
primary mechanisms (Wojtanowicz et al., 1987): 
1. Diffusion 
2. Adsorption 
3. Sedimentation 
4. Fluid forces 
As the fine particles move along the tortuous flow pathways existing in porous media, 
they are captured, retained, and deposited within the porous matrix. Consequently, the 
texture of the matrix is adversely altered to reduce its porosity and permeability. 
Frequently, this phenomenon is referred to as formation damage measured as the 
permeability impairment. 
Invasion of the near-wellbore formation by high pH filtrate, and injecting low surface 
tension fluids, such as light paraffins including pentane, hexane, diesel, and gas 
condensates into reservoirs can cause asphaltene precipitation (Amaefule et al., 1988). 
Asphaltenic/paraffinic sludges can be formed with the spent acid at low pH conditions 
that can be created during acidizing (Amaefule et al., 1988). 
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Waxes, asphaltenes, and resins are the typical sources of organic deposition in wells, 
pipelines, and reservoir formation during petroleum production. As the wells in 
asphaltenic reservoirs are produced, the organic deposition begins within the upper 
section of the wells over which the pressure drops to below the asphaltene 
flocculation pressure, and then the organic deposition zone gradually progresses 
toward the bottom hole and eventually enters the near wellbore formation (Minssieux, 
1997). Especially, the reservoir formations containing clays of large specific surfaces, 
such as Kaolinite, can initially adsorb and retain the polar asphaltenes and resins 
rapidly (Minssieux, 1997). As a result, multi-layer molecular deposits are formed over 
the pore surface (Acevedo, 1995). However, as the asphaltene precipitates suspended 
in the oil phase combine and form sufficiently large aggregates, these particles can not 
pass through and are captured at the pore throats (Minssieux, 1997). The pore throat 
plugging causes severe permeability loss because the gates connecting the pores are 
closed and/or an in-situ cake is formed by pore filling if the plugged pore throat still 
allows some flow through the jammed particles. 
Asphaltene deposits usually seal the flow constrictions because they are sticky and 
deformable. Therefore, the conductivity of a flow path may diminish without filling 
the pore space completely (Civan, 1994,1995). Leontarities (1998) stresses that the 
organic damage in oil reservoirs is primarily caused by asphaltene deposition and that 
the region of asphaltene deposition may actually extend over considerable distances 
from the wellbore, especially during miscible recovery. Contrariwise, the organic 
damage caused by wax deposition is rather limited to a short distance (0 to 1 feet) 
from the wellbore, because wax deposition in the near wellbore region usually occurs 
by the cooling of the oil caused by high perforation pressure losses during oil 
production. 
Minssieux (1997) carried out some experiments on core damage from crude 
asphaltene deposition. Analysis of plugging runs carried out with asphaltenic crudes 
in several types of porous media showed clear similarities with permeability alteration 
caused by fines migration during brine injection. Hence mechanism and related 
models applied to solid particles filtration had been shown to help the interpretation of 
core plugging effects observed in the presence of asphaltenes. 
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Since the available experimental data of asphaltene deposition in porous rocks are not 
sufficient in the literature, the study of other particulate processes such as water or 
polymer injection and the investigation of mechanisms of deposition involved will be 
a corner stone for identification of the mechanisms of asphaltene deposition in porous 
media. This chapter is devoted to the review of the various particle retention 
mechanisms with focus on asphaltene deposition. 
2.5 Deposition mechanisms in porous media 
Liquid-solid separation can be accomplished either by solid accumulation in front of a 
filter medium, or by retention inside a deep porous bed. In the first case, a filter cake 
is built-up and it stops the suspended particles. In the second case, the suspension 
flows through the porous medium in which the particles are retained. When flowing 
through the porous medium, the particles are brought into contact with the possible 
retention sites where they stop or are carried away by the stream. 
Herzig et al. (1970) performed a comprehensive study on the subject of flow of 
suspensions through porous media and the application to deep filtration. They 
concluded that the deep filtration is the result of several mechanisms as follows: 
1. The contacting of particles with the retention sites 
2. The fixing of particles on sites 
3. The breaking away of previously retained particles 
They also stated that the clogging rate, i. e., the number of retained particles per unit of 
time and per unit of volume of porous medium, is related to the various factors which 
define the system, namely: 
1. The carrier fluid (flow rate, viscosity, and density) 
2. The suspension of particles (concentration, size, and shape of particles) 
3. The porous medium (porosity, diameter of pores, size and shape of grains, and 
volume fraction already clogged) 
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Furthermore, the important problem of the pressure drop of the fluid through the bed 
has to be studied as well as its change with clogging. 
Herzig et al. (1970) considered all parameters which describe the elementary 
mechanisms of clogging and decolmatage (de-clogging) processes, i. e., the retention 
sites, the retention forces exerted on the particles retained in these sites, the capture 
mechanisms which bring the particles into contact with the sites, as well as the 
decolmatage processes of retained particles. 
1. Retention sites 
It is possible to distinguish several retention sites as depicted in Figure 2.16. 
a. Surface sites. The particle stops and is retained on the surface of a porous bed 
grain. 
b. Constriction sites. The particle cannot penetrate into a pore of a smaller size 
than its own. 
c. Crevice sites. The particle becomes wedged between the two convex surfaces 
of two grains. 
d. Cavern sites. The particle is retained in a sheltered area, a small pocket 
formed by several grains. 
2. Retention forces 
The retention forces include: 
a. Axial pressure of the fluid. The fluid pressure may hold an immobilized 
particle against the opening at a constriction. 
b. Friction forces. A particle wedged in a crevice may have been slightly 
deformed when stopped, and may remain in place by friction. 
c. Surface forces. These include the Van der Waals forces, which are always 
attractive, and the electrical forces (electrostatic or electrokinetic) which are 
either attractive or repulsive according to the physicochemical conditions of 
the suspension. 
d. Chemical forces. In the case of colloidal particles or in other particular cases, 
actual chemical bonding may occur. 
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Fig. 2.16: Retention sites (Herzig et al., 1970). 
3. Capture processes 
The capture processes are as follows: 
a. Sedimentation. If the particles have a density different from that of the liquid, 
they are subjected to gravity and their velocity no longer is that of the fluid; 
thus, by sedimentation they can meet the filter medium. 
Cavern sites Crevice sites 
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b. Inertia. Still owing to their apparent weight, the particles cannot follow the 
same trajectories as the fluid, they deviate from the streamlines (when the 
directions of the trajectories change suddenly) and can be brought into contact 
with the bed grains. 
c. Hydrodynamic effects. Owing to the non-unifonn shear field and the non- 
sphericity of particles, hydrodynamic effects may occur; these effects cause a 
lateral migration of suspended particles which may be brought into contact in 
this way with retention sites. 
d. Direct interception. Even with exactly the same density as the fluid, the 
particles would not be able, owing to their size, to follow the smallest 
tortuosities of the streamlines of the carrier fluid and they will thus collide 
with the walls of the convergent areas of the pores. 
e. Diffusion by Brownian motion. The particles diffuse and can reach areas 
which are not normally irrigated by the suspension, and they are retained 
there. 
The permeability damage induced by particle deposition is caused by the additional 
viscous forces created around the deposited particles. They depend of course on the 
particle-to-grain size ratio and pore structure, but are mainly sensitive to where 
deposition occurs. When particles are deposited at a site where fluid velocity is 
negligible, such as near stagnation points, the permeability change may be 
undetectable, while particle bridging at a pore throat where velocity is maximum will 
cause the maximum change in permeability. 
4. Decolmataee processes 
It is necessary to distinguish between the spontaneous decolmatage due to the normal 
flow of suspension through the clogged bed, and the decolmatage caused by the 
operator who suddenly changes the flow conditions. 
Spontaneous decolmatage may occur if local variations in pressure or flow rate 
change the flow in the neighbourhood of retained particles or if a moving particle 
collides with a retained particle. 
Provoked decolmatage results from impulses, i. e., from sudden variations in pressure 
or flow rate in the whole bed caused by the operator or by reversal of the flow 
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direction. The processes of spontaneous or provoked decolmatage are similar but the 
extent of the first is local, whereas the second occurs everywhere in the whole bed. 
2.6 The physics of permeability damage 
Roque et al. (1995) carried out extensive laboratory experiments with quartzitic 
sandstone having a well-characterized pore structure and commercial latex 
microspheres. During these experiments, the main operating parameters, i. e. particle 
size and concentration, flow rate and porous medium permeability were 
systematically varied. 
A detailed analysis of the obtained results clearly showed that four phases, 
schematically illustrated in Figures 2.17 and 2.18, must be considered to describe the 
permeability damage process due to the in-depth particle deposition. The dashed line 
in Figure 2.18 represents the ratio of instantaneous concentration of the fines to the 
initial concentration while the solid line gives the permeability ratio caused as an 
influence of particle deposition. In each phase, the physics of particle retention and 
the net effect on permeability are different. 
The most significant findings with respect to particle-deposition mechanisms and 
resulting permeability reduction involve deposition kinetics and the location of 
particle retention. An important conclusion from this analysis is that interpack 
conductivity or permeability reduction depends on the specific particle deposition 
mechanism. 
1. Surface deposition of particles 
In this phase, particles deposit on the grain/pore surface. The kinetics of this process 
depends on physical and chemical factors such as pore-scale hydrodynamics, 
electrostatic charge differences between particles and pore surfaces, pore-surface 
texture, and particle composition. The effect of particle deposition on permeability is 
significant only if it takes place in pore throats. 
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Fig. 2.17: Interpack damage mechanisms (Roque et al., 1995). 
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Thus permeability reduction is not related to the total amount deposited but to the 
fraction deposited in pore throat areas. Note that surface deposition may be restricted 
to a monolayer when the flowing suspensions are highly stable, i. e., there are strong 
repulsive interactions between particles. When the energy barrier opposing 
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aggregation is not very high, multiple layer deposition can occur during this surface 
deposition phase. It has been theoretically and experimentally demonstrated that this 
phase alone results in very minimal damage (Figures 2.17 and 2.18). Colloidal and 
clay-sized particles would normally fit into this deposition mechanism in the absence 
of larger macroparticles (Blauch et al., 1999). 
2. Pore throat brid2ine 
Pore throat bridging occurs when a particle flowing through a pore throat forms a 
bridge (Figure 2.18). The particle may attach either to two particles already deposited 
onto a pore throat surface (three-particle bridging) or to a previously deposited 
particle and pore throat surface (two-particle bridging). Pore throat. bridging can also 
occur when particles are larger than the pore throat size (single-particle bridging). 
Once a bridge is formed and consolidated, the newly arriving particles accumulate 
upstream from bridged pores, thus decreasing drastically fluid flow through these 
pores. The most dramatic rate of permeability decrease is observed during this phase 
(Figure 2.18). 
3. Internal cake formation 
Once the formation of bridged pore throats reaches a critical value, the pores are no 
longer connected over some critical damage depth. In this phase, all of the incoming 
particles accumulate not only in the immediate pore throat, but also within all pore 
bodies that are still available to flow, forming an internal filter cake (Figure 2.17). The 
depth of the internal damage and the permeability of this region control the system 
permeability or conductivity. The onset of internal cake formation is characterized by 
rapid reduction of downstream particle concentration (Figure 2.18). The amount of 
permeability damage depends on the concentration and distribution of smaller 
particles (including colloidal and clay size) in the flow stream. 
4. External cake formation 
At the point where internal cake formation is achieved, particles accumulate upstream 
from the inlet of the porous medium, thus forming an external cake (Figures 2.18 and 
2.19). The various particulate processes are schematically depicted in Figure 2.19. 
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Fig. 2.19: Various particulate processes (Cavan, 2000). 
2.7 Mathematical models for plugging by particle movement 
Several mathematical models have been proposed for the prediction of the rate of 
deposition, porosity reduction and permeability impairment. These models may be 
historically summarized as follows: 
Literature Review on Asphaltene Precipitation and Deposition 54 
2.7.1 Gruesbeck and Collins model (1982) 
Gruesbeck and Collins (1982) visualized fluid pathways at any cross-section in a 
column as having two continuing, parallel branches: one of small pore size in which 
plug-type deposits of fines may occur, and the other of larger pore size, in which only 
surface non-plugging deposits occur. It is from such surface deposits that fines can be 
re-entrained by moving fluid and may redeposit as plug-type deposits to cause a net 
permeability reduction. Gruesbeck and Collins (1982) used two local laws of 
entrainment and deposition to specify the model. 
1. Surface deposition and entrainment 
This is the main mechanism for packed columns dominated by non-plugging pathways: 
Surface deposition 
For a suspension of very small particles flowing through a porous medium having 
large pores, one would not expect plugging deposits to occur. For this case, at each 
flow rate, effluent particle volume concentration (Ce) fluctuated, but this was followed 
by a steady value indicating steady state condition within the sand column. This 
provides a direct means of determining the local law of the deposition from a material 
balance on the fines: 
a(ec+e; 
a)+u 
x 
=0 
(2.15) 
where: 
ý: remaining porosity after deposition 
4;: initial porosity before deposition 
u: volume flux density (q /A) 
a: volume of fines deposited per unit original pore volume 
Assuming that 4 and C are essentially constant with time (as 0C is the volume of 
fines in suspension) then if it is assumed that the local rate of fines deposition, at , 
is 
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simply proportional to fines concentration, C, the above equation can be integrated to 
yield for a column of length L: 
u In 
C' 
OiL C; 
(2.16) 
where ß is the surface deposition rate constant, which can be calculated from the 
experimental data. Calculations by Gruesbeck and Collins (1982) yielded the same 
value of 0.01 1/s for each flow rate. Thus, ß was independent of flow rate, and a local 
law of = ßC was established for surface type deposition. 
01 
Entrainment when flowing a clean fluid through a dirty column 
For this case, essentially steady effluent concentration is established after an initial 
burst of fine effluent following each flow rate change. There is a critical flow velocity 
(uc) for the fines to be produced. At a velocity lower than uC, no fines are produced 
from the column. Again the material balance on fines for steady state conditions was 
used. Integrating over the length of the column with C=0 at the inlet concentration 
and C=Ce at the outlet concentration: 
aa(u-uj u>uc 
at 0 u5uc (2.17) 
where a is a constant and uc is a critical velocity. 
2. Plugging deposition and entrainment 
Both plugging and surface deposition processes occur simultaneously. As fines from 
plug-type deposits accumulate within some of the narrower pore openings, fluid flow 
is diverted to the remaining open fluid pathways. In this theory pore space is divided 
into plugging and non-plugging pathways. A fraction, f, of element is made of 
plugging pathways and a fraction, 1-f, of non-pluggable pathways. The pore size 
distribution of the porous medium and the particle size distribution of fines determine 
the value of fraction f. Hence the total flux density is: 
u= ftp +(I -f 
)u 2.18) 
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where u, and unp are the flux density of fluid flowing through the pluggable and non- 
pluggable pathways, respectively. The volume of deposits per unit bulk volume of 
porous medium is: 
ßjß=4j[fßp+(1-f)aoP1 (2.19) 
where up and ßp are the volumes of fines deposited per unit of pluggable and non- 
pluggable pore volumes, f4; and (1-f)4;, field by plugging and non-plugging deposit. 
Then Gruesbeck and Collins (1982) suggested local laws of entrainment and 
deposition to specify as follows: 
Deposition in non-pluggable pathways 
The rate of deposition in the non-pluggable pathways deduced from experiments with 
synthetic systems is: 
p =-a(u°p -uc)ß°p +ßC 
(2.20) 
öt 
where the first term is set to zero for up<uc. 
Deposition in the pluggable pathways 
It is assumed that the deposition in the pluggable pathways follows a snowball effect. 
As the number of plugged pores increases, the rate of deposition should also increase. 
Thus a law of the following form was postulated with 0 and x being constant: 
at 
(2.21) 
To complete this theory, Darcy's law was used to describe the flow diversion 
phenomena in terms of the permeabilities kp(ap) and kP(Qp) in the parallel pluggable 
and non-pluggable parts of the porous medium. Thus, the fraction of flow through 
pluggable pathways is: 
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up 
__ 
kp (aP) (2.22) 
u k(a)+k(a) 
As a matter of fact, there is no direct method for determining how permeability 
changes as deposits grow. However Gruesbeck and Collins (1982) suggested the 
following correlation for pluggable and non-pluggable areas, respectively: 
kp = kpie-eQp (2.23) 
k 
np 
(2.24) 
k 
°P + £a nP 
where a, kpi and E are phenomenological constants to be specified. 
2.7.2 Wojtanowicz et al. model (1987) 
Wojtanowicz et al. (1987) presented a theory, which provides a tool for identification 
of the prevailing mechanism of permeability impairment in a linear core flow system. 
The results of their laboratory flow tests are shown in Figure 2.20. In their theory they 
assumed constant rate filtration, a linear geometry of flow, low solids concentration, 
homogeneous formation, cake incompressibility, linear flow, regular pore geometry 
and that the volume reduction due to particle capture can be ignored. They have 
analyzed and developed diagnostic equations for two especial cases of practical 
importance: 
1. Deposition of the externally introduced particles during the injection of a 
suspension of particles 
2. Mobilization and subsequent deposition of the indigenous particles in the 
porous medium during the injection of a particle free solution 
Since the asphaltene particles precipitate and generate a colloidal suspension before 
deposition in porous media, one is interested in investigating the deposition of 
externally introduced particles as mentioned above in case 1. In this regard, three 
basic mechanisms for pore blocking are suggested: 
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Fig. 2.20: Manifestation of three particle capture mechanisms on permeability damage plots 
(Wojtanowicz et al., 1987). 
1. Gradual pore blockine 
Continuous capture of fines at the rock walls due to retention forces (see Figure 2.21). 
The permeability response of this type of blocking is: 
= k; -fiat 
(2.25) 
LX 
k/k; =1-C, t (2.26) 
with the empirical constant given by: 
cl _fw 
(2.27) 
Lx 
where: 
(CFR) 
VW 
(2.28) 
P$ 
CFR: cake to filter ratio 
Vp : pore volume, cm3 
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ws: solids concentration in flow stream, g/cm3 
L: average length of flow path, cm 
q: flow rate, cm3/min 
Equation 2.26 defines a straight line diagnostic plot of k/k, vs. time. 
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Pore volume of fluid injected 
Fig. 2.21: Gradual pore blocking mechanism (Wojtanowicz et al., 1987). 
2. Single pore blocking (screening) 
This occurs when single particles of size close to the pore size (critical size) instantly 
block an individual pore, thus eliminating it from the flow system (Figure 2.22). The 
permeability response to this type of blocking is: 
6wfD4 
k= k q' at (2.29) 
' 128xd3A1i 
k 
=1- C2t 
(2.30) 
k; 
CZ = 
6gw, fdD4 (2.31) 
128xd3Ari 
where: 
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D: pore size (diameter of the inscribed circle), cm 
fd: concentration of particles of critical size d 
A: area of single pore, cm2 
d: critical size of particles, cm 
Ar: rock area, cm2 
r: tortuosity, dimensionless 
Equation (2.30) defines a straight-line diagnostic plot of (k/k; ) vs. time. 
3. Cake formine (straining) 
This is associated with the build up of a filtration cake at or close to the formation 
face (Figure 2.23). The permeability response to this type of blocking is: 
k' 
=1+C3t 
(2.32) 
k 
in which C3 is a process constant (See Wojtanowicz et al., 1987). 
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Fig. 2.22: Particle invasion, single pore blocking (Wojtanowicz et &1., 1987). 
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Fig. 2.23: Foreign particle invasion, cake formation (Wojtanowicz et al., 1987). 
2.7.3 Pang and Sharma (1997) model 
Pang and Sharma, (1997) collected and analyzed water-quality core flow test data 
available in the literature. The data have been re-plotted as the inverse of the 
injectivity decline or the inverse of dimensionless permeability decrease (k; / k) vs. 
pore volumes injected. Four types of curves were observed based on the reported 
experimental data (Figures 2.24 - 2.27). 
Type 1 curve: Straleht line 
This type of curve is observed when incompressible external filter cakes are formed or 
when the internal cake is formed very close to the injection face (Figure 2.24). When 
only an incompressible external filter cake is formed with no internal invasion of 
particles, the resistance to flow consists of the external filter cake resistance and the 
core resistance placed in series. The following equations can be derived easily by use 
of Darcy's law and material balance equations, 
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e, +Le. L (2.33) 
k kc k; 
_ 
Cqt (2.34) 
e° A(1-4 ) 
Pang et al. defined 
a=k 
(2.35) 
- k; 
_ 
qt (2.36) 
and 
tD 
AI 
Combining Eqs. (2.33) and (2.34) and, noting that e,, « L, they obtained 
a-' =1+WtD (2.37) 
k. 4 
C 
(2.38) 
and kc4c 
where: 
A: cross sectional area of the core, m2 
C: injected solids concentration, volume fraction 
ec: thickness of the external filter cake, m 
k: permeability, m2 
k,: permeability of the external cake, m2 
k;: original permeability, m2 
L: length of the core, m 
q: well injection rate, m3/s 
t: injection time, s 
tD: dimensionless time (pore volumes injected) 
4;: initial porosity of the porous medium, fraction 
4.: external cake porosity, fraction 
Eq. (2.37) yields a straight line with a constant slope of w and an intercept of 1. Some 
experimental data provide a straight line for pure internal filtration. In the model 
presented by Van Oort et al. (1993), 1/a vs. tD is a straight line with a constant slope 
and an intercept of 1. 
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Fig. 2.24: Definition of type curve for incompressible external filter cakes (Pang et al., 1997). 
Tune 2 curve: Curves with increasing slope 
This type of curve is obtained in cases where compressible external filter cakes or 
internal filter cakes are formed. Experimental results show that the porosity and 
permeability decrease as the pressure increases. The permeability decreases much 
more rapidly than porosity. Therefore, from Eqs. (2.37) and (2.38) it is obvious that 
the slope of the filtration curve will increase with time. In internal filtration processes, 
it is possible to obtain filtration curves whose slope increases with time. In cases 
where pore-throat blocking enhances the subsequent capture of flowing particles, it is 
expected that the permeability will decline rapidly with time. 
Type 3 curve: Curves with decreasine slope 
In some experiments with no external filter-cake formation, the slope of the 1/a vs. t 
plot decreases with time. These experiments often have a smaller injected particle size 
and a deeper particle invasion depth. Type 3 curve is obtained in cases where pore 
filling is a dominant mechanism of particle capture or particle capture results in an 
increase in the interstitial velocity to the point where no further deposition of particles 
can take place and the permeability decrease will slow down with filtration time. 
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Fig. 2.25: Definition of type curve for compressible external filter cakes or internal filter cakes 
(Pang et al., 1997). 
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Fig. 2.26: Definition of type curve for pore filling mechanism (Pang et al., 1997). 
When only internal filtration occurs, the following equations can be used to calculate 
injectivity decline for linear geometry, 
a-' =1 + xvOt (2.39) 
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B uC (2.40) 
W_L 
0=1-exp(- 
L (2.41) 
) 
u 
where: 
B: damage factor of the filtration system 
u: superficial velocity, m/s 
X v: volume filtration coefficient, s'' 
Tvye 4 curve: S-shaped curves 
S-shaped curves and other more complicated shapes of curves are obtained when 
several filtration mechanisms operate simultaneously. It is conceivable that both 
plugging mechanisms, pore-throat blocking and pore filling, may be important during 
different stages of filtration. In such cases, S-shaped curves and other more 
complicated shapes of curves may be obtained. It is evident that the internal filtration 
curves will depend on the particle/pore-throat size ratio, the filtration velocity, and the 
mechanism of capture of particles. This complex dependence makes it difficult to 
generalize and predict the shape of internal filtration curves. 
Two examples are discussed here to show how the model equations can be used in 
practice (Pang and Sharma, 1997). 
Example 1: The first example is taken from experimental data reported by Todd et al. 
(1979). 
Average injected particle size dp =5 µm, 
Particle concentration C= 25 ppm, 
Injection rate q=6 cm3/min, 
Core permeability k; = 501 md, 
Core porosity $; =0.22, 
Core length = 2.54 cm, and 
Core diameter = 2.54 cm. 
From the shape of the filtration curves and from reported visual observations, the 
primary mechanism of damage in this experiment is external filter cake formation. 
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Fig. 2.27: Definition of type curve for combination of mechanisms (Pang et. al., 1997). 
A value of k=1.03 and and 4, = 0.18 was found to give excellent agreement with the 
experimental data. An initial guess for cake permeability was obtained by use of the 
Blake-Kozeny equation (Bird et al., 1960). 
Example 2 
The core flow data were selected as an example for cases where internal filtration 
dominates. This example data set is from Todd et al. (1988). 
Average injected particle size dp =2 µm, 
Particle concentration C=1 ppm, 
Injection rate q=0.9 cm3/min, 
Core permeability k; = 260 md, 
Core porosity 4; =0.146, 
Core length =8 cm, and 
Core diameter = 2.54 cm. 
Given the small particle size and reported visual observations, the primary mechanism 
of damage is internal filtration. Eqs. (2.39) to (2.41) were used to simulate the decline 
in injectivity in a linear core flow geometry. The experimental results were matched 
by a damage factor and filtration coefficient of 1000 and 0.0025 s'', respectively. 
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2.7.4 Minssieux (1997) model 
In order to study the flow properties of asphaltenic crudes, core floods with an oil 
asphaltene content in the range of 0.1% to 6% weight were systematically performed 
in various rock materials by Minssieux (1997). These laboratory tests which were 
carried out at reservoir temperature, have shown evidence of core damage occurring 
under dynamic flowing conditions. Plugging effects due to asphaltene deposition were 
evaluated in each case through comparison with the reference oil permeability 
measured with a selected hydrocarbon, prior to and after crude flow. The 
characteristics of the oils used are given in Tables 2.4 and 2.5, and the conditions and 
results of the core flood experiments are given in Tables 2.6 and 2.7. 
Table 2.4: Characteristics of the investigated stock tank oils (Minssieuz. 199T. 
Reservoir SARA ANALYS IS Res/Asph Viscosity °API 
Field Temperature C Sat Ar Resins Ash Ratio (cP 20°C 
Weyburn 50 46.1 46.1 8.5 5.3 1.6 13 29 
Lagrave 80 65.7 22.8 7.5 4 1.9 7.7 43 
Hassi-Messaoud 119 70.5 25.5 3.3 0.15 22 1.5 (80°C) 43 
Boscan (Reference) 81 15 37 34 14 2.4 - 10 
Table 2.5: Crude/AsDhaltenes characteristics (Minssieux. 1997). 
Crude origin % Asphaltene Average MW As haltenes anal sis 
°AP (weight) v o/toluene H/C O/C %S 
Weyburn 5.3 6000 1 0.025 
29 
Lagrave 4 7000 - 8700 1 0.01 3.8 
43 
Hassi Messaoud 0.15 1120 0.88 0.034 0.8 
45 "well scales" 
Boscan (10°) 10.7 8000 1.14 0.039 6.7 
"as a reference" 
Minssieux has demonstrated that the predominant mechanisms of the asphaltene 
deposition can be identified by means of the Wojtanowicz et al. (1987,1988) 
analytical models. He also observed that the asphaltene precipitates existing in the 
injected oil can pass into porous media without forming an external filter cake. The 
analyses of typical data according to the Wojtanowicz et al. (1987,1988) formulae are 
given in Figures 2.28 and 2.29. Figure 2.28 shows the results of the analysis of the 
GF3 test data considering the possibility of the gradual surface deposition, single pore 
plugging, and in-situ cake formation by pore filling mechanisms in formation damage. 
As can be seen, only the k 
_/k 
; vs. PV (pore volume) data yield a straight-line plot, 
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indicating that the damage mechanism is the gradual surface deposition. In the case of 
the GV5 data, Figure 2.29 indicates that the damage mechanism is in-situ cake 
formation by pore filling, because k1/k vs. PV data yield a straight-line plot for this 
case. 
Table 2.6: Conditions for core floods (Minssieux, 1997). 
Petro ph sical data Injection rate 
Test ref. Type of rock TC Crude used % kH (md) cm3/hr 
GF1 Fontainebleau 50 Weyburn 13.1 107 50 
sandstone 80 
GF2 id. id. id. 13.6 87 10 
GF3 id. id. id. 13.7 77.4 10 
20 
50 
80 
GF12 id id. H. Messaoud 8 6 10 
GVM 5 Vosges 50 Weyburn 24.7 29 10 
sandstone 
GVM 10 id. 50 Weyburn 24.3 12.2 10 
5 
GVM 13 id. 80 Lagrave 26 73 10 
GVR 8 id. 50 Weyburn 22.6 15.2 10 
GVR 11 id. 80 La grave 
GP 9 Palatinat 80 H. Messaoud 22.6 1.1 10 
sandstone 
GP 14 id. id. id. 23 2 5 
HMD 11 Res. rock id. id. 
from HMD 
HMD 26 id. id. id. 7.1 0.67 8 
Table 2.7: Crude coreflood tests (Minssieux, 1997). 
Average amount of Deposition profile k reduction (%) 
Test ref. Crude used deposits (mg/g rock) Inlet outlet after 50 PV 
GF I Weyburn 20 
GF 2 Weyburn 0.3 Uniform 42.5 
GF 3 Weyburn 0.21 Uniform 54.8 
GF 12 HMD 0.34 Decreasing 0 
47 after 150 PV 
GVM 5 Weyburn 1 Decreasing 88 
GVM 10 Weyburn 0.48 Decreasing 89 
GVM 13 La grave - - <10 
GVR 8 Weyburn 0.11 Decreasing 87 
GVR 11 La grave <0.1 Near core inlet 
accunudation 
GP 9 H. MD 0.33 Decreasing 60 
GP 14 H. MD No plugging 
HMDII H. MD 0.58 (Resins) Uniform 
HMD 26 H. MD 0.41 (Resins) Uniform 6 
50 after 700 PV 
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Fig. 2.28: Correlation of the experimental permeability reduction reveals a uniform surface 
deposition mechanism (Minssieux, 1997). 
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Fig. 2.29: Correlation of the experimental permeability reduction reveals a pore blocking 
deposition mechanism (Minssieux, 1997). 
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2.7.5 Ring et al. model (1992) 
Ring et al. (1992) developed a numerical simulator to model the migration and 
deposition processes of paraffin in the reservoir. The deposition of paraffin in the 
reservoir consists of three mechanisms which include (1) solubility/precipitation of 
paraffin, (2) deposition of precipitated paraffin, and (3) reduction in permeability 
caused by paraffin deposition. 
Paraffin solubility model 
The solubility/precipitation of paraffin was modeled using the ideal solution equation 
for a binary mixture as given by Weingarten and Euchner (1988): 
In X 
imf 
(1 -1 
(2.42) 
Ps -RTT. 
This gives a paraffin solubility, Xp, (mole fraction) , as a function of temperature, T. 
The parameters L Hf and T. which represent latent heat of fusion of paraffin and 
melting point temperature of paraffin, respectively, must be calibrated for a particular 
liquid-solid system. The paraffin pseudo-component and gas-oil pseudo-component 
(in the liquid phase) are taken to be the binary mixture. It is further assumed that ideal 
solution means that additives volumes can be used for solution of solids. 
Paraffin deposition model 
As solid paraffin particles flow through the reservoir they become entrapped within 
the pore throats causing paraffin deposition in the reservoir. If there is no flow, no 
deposition occurs. The following deposition equation states that the rate of loss of 
suspended solids along a flow path is equal to the concentration of suspended solids 
times a deposition coefficient, X. 
dC 
= _XC 
(2.43) 
dx 
The expected (average) travel distance of a particle E(x) is 
E(X) =! 
(2.44) 
Literature Review on Asphaltene Precipitation and Deposition 71 
For example, if X=0.5 m-1, then the average distance traveled by a particle is 2.0 m. 
Permeability reduction model 
The deposition of solid paraffin particles in the reservoir causes a reduction in 
permeability. The ratio of reduced permeability to initial permeability is developed in 
the form given by Civan (1987), 
k 
=(1-ß)m k; 
(2.45) 
The above equation considers the physical reduction in pore spaces and the 
phenomenological constant, m. The value was found empirically by matching 
simulated results with the experimental results of Sutton and Roberts (1974). 
Although Civan recommended a value of 3.0 for plugging by sand particles, a better 
match of the paraffin experimental results was obtained with m=8.0 (Ring et al., 
1992). 
Calibration of empirical constants for deposition and aenneability reduction models 
The deposition coefficient, A., of the deposition model and the phenomenological 
constant, in, of the permeability reduction model were determined by matching 
simulated results with the laboratory results of Sutton and Roberts (1974). The 
purpose of Sutton and Roberts's laboratory experiments was to determine the amount 
of permeability reduction that occurs as a result of paraffin deposition in linear cores. 
Two experiments were selected to study the effects of X and m. The first experiment 
involved flowing a Shannon Sand crude oil through a Berea sandstone core. The 
second experiment involved flowing a Muddy formation crude oil through a Berea 
sandstone core. The temperature of crude oil was set at 21°C, about 14°C below its 
cloud point temperature. The paraffin and asphaltene content of the crude oil were 6.1 
and 0.1 % weight, respectively. Based on these properties, the solid content was 
calculated to be 3.22 % volume at 21 °C. 
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A comparison of the simulated and experimental results is shown in Figure 2.30. A 
family of curves is shown for a deposition coefficient, %, equal to 1.3,1.6, and 2.0. 
The simulated results were generated by using a value of 8.0 for the 
phenomenological constant, m, of the permeability reduction model. 
A good match between the simulated and experimental results was not obtained for 
the total flow period of either experiment. However, an adequate match was achieved 
for the flow period between 2.5 and 5 pore volumes of the second experiment. This 
match was obtained using a value of 8.0 for m and 1.6 for X. 
Ring et al. (1992) also described the migration and deposition of suspended particles 
displaced through a radial system by a fluid with suspended particles. They concluded 
that solid paraffin particles do not travel far and that skin damage is caused by 
particles which originate near the wellbore. 
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Fig. 2.30: Comparison of simulated and experimental results of Sutton and Roberts for their 
second experiment (1974). 
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2.7.6 Wang et al. model (2001) 
Wang et al. (2001) developed an asphaltene precipitation model and verified it by 
typical experimental data. 
Asphaltene precipitation model 
The polymer solution theory represents the existing state of asphaltene in crude oil 
more accurately than the colloidal theory (Wang, 2000). Hirschberg et al. (1984) first 
applied the polymer solution theory to simulate the asphaltene precipitation problem. 
By combining the Flory-Huggins theory for polymer solution and the Hildebrand 
solubility concept, they obtained the following equation: 
(2.46) 
V, RT 
I 
where, 4a is the volume fraction of asphaltene dissolved in the crude oil. Va is the 
molar volume of asphaltene, assumed to be constant. V1 is the molar volume of the 
liquid phase, calculated with the modified Benedict-Webb-Rubin equation of state in 
the Hirschberg et al. model. R is the universal gas constant and T is the absolute 
temperature. Wang et al. (2001) defined the solubility parameter of asphaltene 8g as: 
8. =20.04 x (1-hT) (2.47) 
where h is a specific constant for each oil and 81 is the solubility parameter of the 
liquid phase defined by Hildebrand (1950): 
aUv 
y 
V, (2.48) 
where AU" is the internal energy change during the vaporization of a unit mole liquid. 
The asphaltene precipitation process can be represented by a vapor-liquid and a 
liquid-liquid equilibrium. In the vapor-liquid equilibrium, the composition of liquid is 
calculated and the asphaltene solubility is calculated with Eq. (2.46) in the liquid- 
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liquid equilibrium. It is assumed that the liquid-liquid equilibrium does not affect the 
vapor-liquid equilibrium. In the liquid-liquid equilibrium, the asphaltene precipitate is 
treated as a solute-rich phase and the oil is treated as a solvent-rich phase (Hirschberg 
et al., 1984). Wang et al. (2001) applied Eq. (2.46) to simulate the asphaltene 
precipitation when the crude oil was mixed with solvent. Burke et al. (1990) applied 
Eq. (2.46) to investigate the effect of solvent content on the asphaltene precipitation 
and Boer et al. (1995) applied Eq. (2.46) to screen the crude oil with respect to 
asphaltene precipitation problems. 
Hirschberg et al. used the Soave-Redlich-Kwong (SRK) equation of state to calculate 
the vapor-liquid equilibrium. However, compared to the Peng-Robinson equation, 
SRK generated a large error in the calculation of vapor and liquid compositions 
(Wang, 2000). Therefore, the Peng-Robinson equation was used to calculate the 
vapor-liquid equilibrium. The solubility parameter of asphaltene is obtained using Eq. 
(2.47) and the solubility parameter of the liquid phase is calculated with Eq. (2.48). 
Finally, the asphaltene solubility is calculated with Eq. (2.46). In this process, the 
molar volume of asphaltene, the shift parameter of C7+, and h in the Eq. (2.47) are 
adjusted to match the experimental data. 
Asahaltene deposition model for core tests 
Because dead-oil was used in all core tests for asphaltene deposition, a single-phase 
system is assumed. Horizontal flow is considered, and the gravity effect is neglected. 
The asphaltene precipitation and deposition problems are represented by mass balance 
models for liquid and asphaltene, the momentum balance equation, the asphaltene 
precipitation and deposition models, and the porosity and permeability reduction 
models. The mass balance equation for the liquid phase is given as: 
at 
(4Piw01)+ 
ON 
(P1uiwoi) _0 
(2.49) 
where "o" represents the oil component and "1" represents the liquid phase. 4 
represents the porosity of the porous medium. p, is the density of liquid phase. ul is the 
flux of the liquid phase. woi represents the mass fraction of the oil in the liquid phase. 
Literature Review on Asphaltene Precipitation and Deposition 75 
The mass balance for asphaltene is given as: 
ON 
4c. p. +o1w. 1)+ aý Iulwul +PIU, W. i)_ -Pe 
E. (2.50) 
where subscript "a" represents the asphaltene. C. is the volume fraction of the 
suspended asphaltene precipitates in the liquid phase; pa is the density of asphaltene; 
wsai and wai represent the mass fractions of the suspended asphaltene precipitates and 
the dissolved asphaltene in the liquid phase, respectively; and Ea is the volume 
fraction of the deposited asphaltene in the bulk volume of the porous medium. 
The momentum balance equation is given by Darcy's law: 
k aP 
ul _ _P, ax 
(2.51) 
where k is the absolute permeability of the porous medium, µi is the viscosity of the 
liquid, and P represents the pressure of the liquid phase. 
The deposition rate for asphaltene is given as: 
aE, 
=«Ve4-ß'Ea(v, -vat)+y'u, c8 
(2.52 
at 
where the first term represents the surface deposition. The second term represents the 
entrainment of asphaltene deposits by the flowing phase when the interstitial velocity 
is larger than a critical interstitial velocity. This term shows that the entrainment rate 
of the asphaltene deposits is directly proportional to the amount of asphaltene deposits 
present in the porous medium and the difference between the actual interstitial 
velocity and the critical interstitial velocity necessary for asphaltene deposit 
mobilization. The last term represents the pore throat plugging rate, which is directly 
proportional to the product of the superficial velocity, ul, and the concentration of the 
asphaltene, Ca, that is the asphaltene precipitate concentration in the liquid phase. a' 
is the surface deposition rate coefficient, ß' is the instantaneous entrainment rate 
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coefficient, and 7' is the plugging deposition rate coefficient. The value of ß' is set 
as: 
P" = ß; , when v> > Vcr, i 
(2.53) 
0' =0, otherwise (2.54) 
vi is the interstitial velocity of the liquid phase equal to ul/O ; and vcr, I is the critical 
interstitial velocity of the liquid phase, which is considered to be constant. The value 
of y' is described as: 
y'= y; (1+ßEa) , when dpt <_ dp«r (2.55) 
y' = 0, otherwise (2.56) 
where Y is the instantaneous plugging deposition rate coefficient, and a is the 
snowball-effect deposition constant. Thus, the pore-throat plugging deposition rate 
increases proportionally with the total deposits. dpt is the average pore throat diameter; 
and dp«r is the critical pore throat diameter, assumed constant. When dpt is less than 
dptcr , pore throat plugging 
deposition will occur. 
The instantaneous, local porosity, 0, during asphaltene deposition is equal to the 
difference between the initial porosity, $, and the fractional pore volume occupied by 
the asphaltene deposits, Ea (Civan, 1995): 
0=4; -Ea (2.57) 
The instantaneous, local permeability, k, is calculated by Wang (2000): 
3 
k= yki (2.58) 
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where y is a coefficient for permeability modification by the valve or gate effect 
(Civan, 2000) and k; is the initial permeability. 
The asphaltene precipitate is calculated by the precipitation model described in the 
previous section. The model described here was applied to six sets of core test data 
involving asphaltene deposition (Minssieux, 1997). Two types of oil were used in 
these experiments: the Weyburn (5.3% asphaltene) and Hassi-Messaoud (0.15% 
asphaltene) crude oils. Four different natural sandstones were used: the Fontainebleau, 
Vosges, and Palatinat sandstones, and a HMD reservoir rock. The permeabilities of 
the sandstones varied from 0.67 to 107 md. The porosities of the sandstones ranged 
from 7.1% to 24.7%. The core samples were 5 to 7 cm in length and 2.3 cm in 
diameter. The test temperatures were 50 and 80°C, and a backpressure of 999 kPa was. 
applied (Minssieux, 1997). Because the compositions of the two oils were not 
reported, the compositions of two dead oils reported by Hirschberg et al. (1984) were 
used to approximate the compositions of the Weyburn and Hassi-Messaoud crude 
oils. The shift parameter, acentric factor, and critical properties of C7+ were adjusted 
to match the asphaltene contents of the Weyburn and Hassi-Messaoud oils. Then, the 
model described in the previous sections was used to simulate the deposition data of 
experiment GF1, GF3, GV5, GV10, GP9 and HMD26 (Minssieux, 1997). 
The related data and obtained parameter values are listed in Table 2.8. The simulated 
results are shown in Figures 2.31 to 2.36. In all six cases, the simulated results 
matched the experimental data accurately. Based on the value of the parameters 
obtained by history matching, surface deposition should have occurred in all six 
experiments. 
Pore-throat plugging deposition occurred only in experiments GFl and HMD26, and 
the entrainment of deposits occurred in the remaining four experiments. Based on 
these results, it can be concluded that the surface deposition is a predominant 
mechanism of asphaltene deposition. 
Literature Review on Asphaltene Precipitation and Deposition 78 
Table 2.8: Data used in the simulation of experimental data and model parameters determined 
by trial and error (Wang et al., 2001). 
GF1 GF3 GV10 GV5 GP9 HMD26 
Core Properties 
Initial Permeability, and 107 77.4 18 29 1.1 0.67 
Initial Porosity, % 13.1 13.7 24.3 24.7 22.6 7.1 
Length of core sle, cm 6 6 6 6 6 6 
Diameter of core sle, cm 2.3 2.3 2.3 2.3 2.3 2.3 
Oil Properties 
API of crude oil 29 29 29 29 43 43 
As halten Content wt. % 5.3 5.3 5.3 5.3 0.15 0.15 
Experimental Data 
Flow Rate, cm3/hour 50 10 10 10 10 8 
Temperature, °C 50 50 50 50 80 80 
Deposition Parameters 
D, cm 0.00048 0.00016 
uj, cm/s 0 0.0145 0.01 0.01 0.000643 0 
al, 1/ 0.0017 0.0018 0.0051 0.0128 0.0275 0.0065 
1/cm 0 0.69 0.003 0.012 0.0006 0 
y; 1/cm 0.07 0 0 0 0 0.035 
a, constant 35 0 0 0 0 0 
constant 1 1 1 1 1 1 
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Fig. 2.31: Comparison of experimental and simulated results for test GF1 (Wang et al., 2001). 
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Fig. 2.32: Comparison of experimental and simulated results for test GF3 (Wang et al., 2001). 
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Fig. 233: Comparison of experimental and simulated results for test GVS (Wang et al., 2001). 
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Fig. 2.34: Comparison of experimental and simulated results for test GV10 (Wang et al., 2001). 
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Fig. 2.35: Comparison of experimental and simulated results for test GP9 (Wang et al., 2001). 
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Fig. 2.36: Comparison of experimental and simulated results for test HMD26 (Wang et al., 2001). 
2.8 Review and conclusions 
Review of asphaltene literature presented in this chapter results in the following 
conclusions: 
1. Measured values of molecular weight of asphaltene depend on the method of 
measurement and also on the solvent type and temperature. 
2. Measured values of asphaltene particle size depend on the method of 
measurement and also on the solvent type and temperature. 
3. There are two different thermodynamic models to describe the nature of 
asphaltene in the solution. The first approach is the solubility model which 
considers the asphaltene to be dissolved in a true liquid state. In the second 
approach, the colloidal model, asphaltenes are considered to be solid particles 
which are suspended colloidally in the crude oil and are stabilized by large 
resin molecules. According to the solubility model, asphaltene precipitation is 
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a thermodynamically reversible process, while in the colloidal model, 
precipitation of asphaltene is considered to be irreversible. The validity of each 
of these models depends on whether the precipitation process is reversible or 
not. 
4. The reversibility of asphaltene precipitation is still a controversy for 
researchers. For this reason, the two different schools of thought mentioned in 
the previous paragraph are accepted or rejected by different researchers and 
investigators. 
5. The amount of asphaltene precipitated is an important key to calculate the 
degree of permeability reduction. 
6. Before the onset of asphaltene precipitation, no deposition takes place. 
7. Determination of both onset and amount of asphaltene precipitation is 
important to calculate the permeability reduction due to asphaltene deposition. 
Determination of these two values requires thermodynamic models, but such 
models involve a substantial number of complex parameters. Therefore the use 
of thermodynamic models is not recommended. Instead, scaling equations 
provide a simpler and better tool to determine the onset and the amount of 
asphaltene precipitated. 
8. There are two types of models to describe and predict the permeability 
reduction due to asphaltene deposition in porous media. Some researchers, like 
Minssieux, use curve type matching, which is a qualitative method. The 
others, like Wang et al., use a series of mathematical relations with several 
adjustable parameters which are physically meaningless in many cases. Both 
these methods are based on matching a curve or relation with experimental 
observation. Because it is probable that several solutions may be obtained for a 
set of experimental results, these models are not recommended. 
9. Some geometrical models are proposed to predict the change of porosity and 
permeability. An example of this type is that proposed by Chang and Civan 
(1997), which is quite reliable. 
Considering these ambiguities in the literature on asphaltenes, it was decided to 
undertake an experimental investigation. Many experiments were designed to 
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investigate the effects of solvent type, amount of solvent, pH of solution and 
temperature. Also some tests were designed to measure particle size and molecular 
weight of asphaltene. 
Because of the importance of the reversibility of asphaltene precipitation, four sets of 
experiments were planned to investigate the effect of temperature and composition of 
the mixtures in both porous and non-porous media. 
A series of experiments were designed for different dilution volume ratios of normal 
alkanes and temperatures. Based on the results of these experiments, one can produce 
a scaling equation which enables prediction of the onset and the amount of asphaltene 
precipitated from a mixture of crude oil and normal alkane, at specified concentration 
and temperature. 
In order to obtain a better understanding of the mechanisms of asphaltene deposition, 
a series of flooding tests will be conducted with different varying parameters 
including concentration, flow rate and temperature. 
As an important objective of the present work, a mathematical model which best 
predicts the porosity and permeability reduction will be developed. Contrary to the 
earlier models which are based on matching a curve or relation with the experimental 
data, this model will be based on the analytical aspects of the asphaltene deposition in 
the porous media. 
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Chapter 3 
Experimental Equipment and Procedures 
3.1 Selection and preparation of crude oil 
To select the best crude oil for the study, the data provided and classified by the 
National Iranian Oil Company (N. I. O. C. ) Engineering Office from various Iranian oil 
fields were carefully considered. After analyzing the asphaltene content of the 
different reservoir fluids, the fluid of the Ahwaz Bangestan oil field in the southwest 
of Iran with an asphaltene content of approximately 8% was selected. 
The crude oil under study was relatively heavy tank oil with 20°API. It was obtained 
from one of the wells in the above oil field. The crude was stored under laboratory 
conditions for up to three months, to allow any volatile components to evaporate, in 
order to provide a stable condition and to obtain a crude with relatively fixed 
composition. After some experiments it was observed that the crude contained solid 
particles, such as sand. Hence, the oil had to be filtered to remove its solid content. 
For filtering the crude, a piece of standard filter paper Wattman 42 was placed on a 
Buckner funnel and the crude poured on it. Since the crude was very viscous, the 
filtration process was very slow. To solve this problem, a vacuum (about 0.45 bar 
suction) was applied. 
3.2 Determination of physical properties of asphaltene 
The physical properties of asphaltene investigated in the present work include: 
1. Molecular weight 
2. Density 
3. Particle size 
3.2.1 Determination of molecular weight 
The properties of a pure solvent are often greatly altered when a substance is 
dissolved in it. Among these properties are boiling point elevation and freezing point 
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depression. These effects are important in that methods for finding molecular weight 
of solutes are based on them. 
The freezing point depression is proportional to the molal concentration of the 
solution, and is depending only on the nature of the solvent. The reduction in freezing 
point of a dilute solution, which is assumed to be an ideal one, is as follows (Levine, 
1988): 
OTf =m kf (3.1) 
in which m is molal concentration of the solution and kf is the freezing point 
depression constant of the solvent. 
This effect is also used as a basis for determination of molecular weight of asphaltene. 
A small quantity of solid asphaltene is dissolved in benzene and the freezing point of 
the resulting solution is carefully measured. The apparatus for measurement of the 
freezing point consists of a 19 mm test tube which is vertically inserted in another 
tube with 25.4 mm diameter, an accurate thermometer, and a wire stirring rod to 
ensure that the solution is homogeneous and temperature changes uniformly within 
the solution, as depicted schematically in Figure 3.1. 
The use of the outside 25.4 mm test tube is very important in that it helps to slow 
down the rate of heat exchange of the inner test tube. The whole assembly is placed in 
an ice bath. Some salt or alcohol may be added to the ice in order to reach lower 
temperatures. The stepwise procedure is as follows: 
1. About 30 g of pure benzene is accurately weighted and poured in the inner test 
tube. Then the rubber cap of the tube is placed, and finally the test tube is 
placed in an ice bath. 
2. While stirring the benzene by means of the wire rod, the temperature decreases 
gradually. The temperature is recorded at least twice every minute. 
3. When the temperature remains constant over four subsequent intervals, the 
temperature is recorded as freezing point of pure benzene. 
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4. The test tube is taken out of the ice bath and the frozen benzene is allowed to 
melt. The ambient temperature is sufficient for this purpose. 
5. About 0.5 g of solid asphaltene is accurately weighted and dissolved in 
benzene. The solution is poured into the inner test tube and stirred. 
6. Like the procedure for pure benzene, the freezing point of the resulting 
solution is measured. Stirring the solution is very important because it helps 
the solution to be uniform and homogeneous. 
7. The difference in temperatures measured in steps 3 and 6 is the freezing point 
depression, ATf . Having ATf, mass of asphaltene and benzene, and freezing 
point depression constant for benzene, one can calculate the molecular weight 
of the dissolved asphaltene, as follows: 
M=-x (mass of solute dissolved in 1000 g of solvent) 
(3.2) 
f 
The molecular weight of the asphaltene under study was measured to be 750. 
I 
1: Outer tube 
2: Inner test tube 
3: Thermometer 
4: Stirrer 
5: Solution 
Fig. 3.1: Schematic of apparatus for measuring the freezing point depression of a solution. 
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3.2.2 Density measurement 
1. Asphaltene forms non-crystalline flakes when it precipitates. Because of its 
sticky nature, its volume depends on how it is packed. In order to eliminate 
isolated pores between the solid particles, an attempt was made to powder 
them before performing the test. 
2. A small quantity of powdered asphaltene is weighted accurately. The weight is 
recorded as ml. 
3. About 7 mL of distilled water is poured in a clean 16 mL graduated cylinder. 
The volume of distilled water is read as V 1. 
4. The amount of asphaltene from step 2 is added to the graduated cylinder 
containing water. Addition of asphaltene causes displacement of water to a 
volume of V2. The displaced volume (V2-V1) denotes the volume of 
asphaltene added. 
5. The density is measured as follows: 
Pa= 
m1 
V2_VI 
(3.3) 
In the equation above, p8 denotes the density of asphaltene. The density of asphaltene 
under study was measured to be 1.1 g/cm3. 
3.2.3 Particle size determination 
Particle sizes of asphaltenes were determined in the following two ways: 
1. Deposits of asphaltenes were collected from different mixtures of oil and n- 
heptane with various dilution ratios R. To characterize and measure the 
particle sizes of the precipitated asphaltenes, these solid samples were 
analyzed by using a high resolution Scanning Electron Microscope (SEM) and 
X-Ray Diffraction techniques. 
2. Different mixtures of oil and n-heptane were prepared, with 10,20,30,40,50, 
60, and 80% of n-heptane. Measurement of the particle sizes of precipitated 
asphaltenes suspended in the solutions was accomplished with an "OLYMPUS 
BX60" polarizing microscope with 100 fold magnification. Figure 3.2 shows 
a photograph of this microscope. 
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The former set of measurements with SEM were produced using samples prepared by 
centrifugation of the oil mixtures at 10000 rpm. The effect of centrifugation has 
resulted in large crystalline formations of asphaltene which were in the size range 
(3µm-500µm) therefore much larger than those that would be expected in a 
homogeneous fine suspension. The particle size distributions obtained for optical 
microscope observations were much finer (1 µm-4µm) and plate-like and are believed 
to be much smaller aggregates of the primary asphaltene particles. Clearly the effect 
of the agitation of the samples is very profound and the particle sizes produced by 
streams of n-heptane and crude oil in the flooding experiments described in Chapter 4 
are believed to give rise to particles much closer in size to those observed in optical 
microscope samples. The results of the two sets of particle size measurements are 
presented in Section 4.2. 
Fig. 3.2: Photograph of the "OLYMPUS BX60" polarizing microscope. 
3.3 Determination of the amount of asphaltene precipitated 
The asphaltene content of crude oil has been investigated for more than fifty years. 
Several techniques have been employed such as IP 143/84, light transmission, 
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interfacial tension (versus water), viscosity, electrical conductivity measurement and 
gravimetric analysis. 
For determining the amount of asphaltene precipitation in a mixture, the gravimetric 
method was selected because it is faster and more economical than the other methods. 
The procedure for this method is outlined as follows: 
1. An empty test tube is weighed accurately with an electronic laboratory 
balance. 
2. A volume of approximately 10 cm3 of the mixture of crude and n-heptane is 
injected in the test tube with a glass syringe. 
3. The weight of the test tube plus the added mixture is recorded and its cap is 
closed. 
4. The tube and its content are shaken for approximately 20 minutes. 
5. The tube is then placed in a centrifuge, where it is rotated for about 20 minutes 
at 10000 rpm. 
6. After remaining about 20 minutes in the centrifuge, the asphaltene particles 
aggregate and precipitate at the bottom of the test tube. After removing the test 
tube from the centrifuge, its cap is opened and the solution content, which has 
a dark color, is discarded. 
7.15 cm3 of n-heptane is added to the test tube. The test tube with its contents is 
shaken for approximately 20 minutes in order to separate the adhered solid 
content from the bottom of test tube and allowed to contact with the newly 
added n-heptane. 
8. The test tube is placed in the centrifuge again, and remains there for another 
20 minutes under a rotational velocity of 10000 rpm. 
9. Steps 6,7 and 8 are repeated until the solution becomes colorless. 
10. At this time, the colorless solution is removed and the test tube with the solid 
content is transferred into the oven and remains there for 12 hours at 
temperature of 100°C. 
11. The dried test tube with its solid content is taken out of the oven, allowed to 
cool down and then weighed. 
12. The difference between recorded weights from step 1 and step 11 is the weight 
of the asphaltene content in 10 cm3 of the under taken mixture. 
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13. The density of the mixture along with the densities of the crude oil and n- 
heptane are measured. 
14. Knowing the densities of n-heptane, crude oil and mixture and applying the 
material balance equation, one can identify the weight percent of the 
precipitated asphaltene. 
3.4 Factors affecting the amount of asphaltene precipitated 
Several experiments were carried out in order to investigate the influence of various 
factors affecting the amount of asphaltene precipitated. The experiments included: 
1. Effect of dilution ratio on asphaltene precipitation 
2. Effect of contact time between solvent and oil on asphaltene precipitation 
3. Effect of temperature on asphaltene precipitation 
4. Effect of pH 
For each experiment, several samples were taken and the amount of asphaltene 
precipitated was measured. Each experiment is detailed in Chapter 4. 
The range of operating variables in the following experiments is given in Table 3.1. 
Table 3.1: Range of operating parameters in the experiments. 
Concentration of n-heptane in the mixture 10 - 80 vol. % 
Contact time 0- 24 hours 
Density 0.68 - 0.9 gr/crr? 
ratio 0-20 
pH 1-14 
Temperature 25- 90°C 
3.5 Experimental work with porous media 
To understand the phenomenon of asphaltene deposition at reservoir conditions 
several experiments were conducted with a synthetic porous medium. The 
experimental setup was designed to conduct these experiments at high pressures and 
high temperatures matching the reservoir conditions. Details of the experimental 
equipment and procedures are described in this chapter. 
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3.5.1 Experimental equipment 
The experimental setup is shown in Figure 3.3 schematically. A photograph of the 
experimental setup is given in Figure 3.4. The experimental setup consists of slim 
tube, oil bath, vacuum pump, liquid pump, fluid transfer vessels, capillary sight glass 
with heating jacket for visual observation of passing fluid, back pressure regulator for 
the produced oil, flask for collecting the produced oil, pressure gauges, pipes, valves 
and fittings. 
The slim tube is a narrow stainless steel tube coil of 7.9 mm O. D. and 6.2 mm I. D. 
The tube length is 18.3 m (60 ft), coiled to a diameter of roughly 20 cm. The tube is 
packed with 150 to 170 micron round grained glass beads. The material of the porous 
medium should be inert in order to isolate the chemical reaction of asphaltene as the 
crude oil flows through the medium under change of its thermodynamic state. 
The porous filling has an overall porosity of approximately 27% and an absolute 
permeability of approximately 5 darcies (4.93x10"12 m2). The total system pore 
volume, including lines and fittings, is approximately 150 cm3. The slim tube (the one 
dimensional model reservoir) is located in an oil bath. 
The constant temperature oil bath is a thermostatically controlled heat insulated tank 
for temperatures up to 175°C. The tank has a volume of approximately 0.06 m3 (60 
liters). A duct contains the heating elements and circulating. stirrer. This arrangement 
assures complete circulation of the fluid through the bath and keeps the equipment 
space in the bath free from any obstruction. The bath is equipped with an adjustable 
temperature controller with resolution of 1 °C. Thumb wheels are provided on the 
controller to set the required temperature. Once the main power switch is turned on, 
the circulating stirrer begins operation and the bath begins to heat to the temperature 
setting on the controller. The slim tube is situated vertically in the bath while both its 
inlet and outlet valves are mounted on the top of the bath. The bath operates with the 
oil level above the slim tube to ensure uniform temperature distribution along the slim 
tube. 
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1. Displacement pump No. 1 
2. Displacement pump No. 2 
3. Liquid container No. 1 
4. Liquid container No. 2 
5. Liquid container No. 3 
6. Vacuum pump 
7. Up-stream pressure gauge 
8. Oil bath 
9. Slim tube 
10. Heating and temperature control unit 
11. Mixer 
12. Down-stream pressure gauge 
13. Sight glass 
14. Back pressure valve 
15. Outlet 
16. Air bath 
Fig. 3.3: Diagram of the experimental setup. 
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Located on the downstream end of the slim tube is a high pressure capillary sight glass 
with heating jacket which allows observation of the produced fluids. These 
observations identify the passage of a single phase or gas and liquid slug flow. 
Upstream pressure is monitored with a precision pressure gauge, and a digital pressure 
gauge is connected downstream of the slim tube. Overall operating pressure is 
controlled by a downstream back pressure regulator after which the produced oil is 
flashed to atmospheric conditions. 
The pump consists of two individual cylinder-piston arrangements with a volume of 
500 cm3 per cylinder. The pump flow rate is variable from I cm3/hr to 1999 cm3/hr. A 
calibrated ruler is installed between the two cylinders, which enables reading of the 
outlet volume with an accuracy of 0.0025 cm3. The pump is a motor-operated, 
computer-controlled positive displacement pump with a 70,000 kPa maximum 
working pressure which is equipped with mechanisms permitting manual operation. 
3.5.2 Experimental activities 
The experimental procedures can be divided into three major categories: 
1. Preliminary activities 
2. Flooding experiments 
3. Density and viscosity measurements 
Fig. 3.4: Photograph of the experimental setup. 
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1. Preliminary activities 
The preliminary activities consisted of: 
a. Washing the slim tube 
b. Drying the slim tube 
c. Evacuating the slim tube 
d. Filling the fluid transfer vessels 
e. Pore volume measurement 
f. Flow behavior of the system 
g. Permeability measurement 
h. Calculation of packed bed porosity by Carman-Kozeny equation 
a. Washing the slim tube 
Toluene was used to clean the porous medium (slim tube) after the termination of 
each experimental run. The oil bath temperature controller was set to 100°C and the 
bath allowed to warm-up. After about two hours, the oil bath temperature had reached 
100°C and a steady state condition was attained. The piston-equipped fluid transfer 
vessel was filled with pure toluene and then connected to the pump by the bottom 
valve of the vessel and connected to the slim tube through the top valve of the vessel. 
Both valves were opened and toluene injected into the slim tube at a rate of 25 cm3/hr. 
Since the volume of the vessel was 500 cm3 the required time for injecting the 
complete volume was 20 hours. In order to achieve complete clean-up of the porous 
medium, several pore volumes of toluene had to be injected until the effluent toluene 
had a clear color. 
b. Drvine the slim tube 
After washing the system with toluene, it was dried by flowing high-pressure nitrogen 
gas through the slim tube at 100°C. The injected gas displaces toluene remaining in 
the porous medium and allows it to come out of the slim tube. This toluene was 
collected in a measuring cylinder. After collecting about 80 cm3 of toluene, the 
nitrogen gas breaks through and comes out with toluene simultaneously. Now the oil 
bath temperature was raised to 130°C. Since the normal boiling point of toluene is 
113°C, the residual toluene evaporates and comes out easily together with the carrier 
gas. The vaporized toluene is condensed after leaving the porous medium and 
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collected in the graduated cylinder. After recovering all the toluene (about 150 cm3), 
the drying process was completed. The required time for drying the entire system was 
about 24 hours. 
c. Evacuating the slim tube 
After washing and drying the porous medium, the nitrogen was removed by 
evacuation. The inlet valve of the slim tube was closed, and then the outlet of the slim 
tube connected to a strong vacuum pump and evacuated for about 10 hours. After that, 
the outlet valve was closed and the inlet of the slim tube connected to the vacuum 
pump and evacuated again, for 10 more hours. 
d. Filling the fluid transfer vessels 
The experimental fluids are displaced using three cylindrical vessels, which are 
located in an air bath. The constant temperature air bath is thermostatically controlled. 
The capacity of each vessel is about 500 cm3. Two of these vessels have a circular 
disk inside, which can move easily up and down, like a piston in a cylinder. The disk 
divides the cylinder volume into two parts: The upper part is filled with the displaced 
fluid and the lower part with the displacing fluid. The role of the disk is simply to 
prevent mixing of the two fluids. 
If the displacing fluid is miscible with the displaced fluid, vessels with a disk inside 
have to be used; otherwise any type of cylinder, regardless of whether they have a 
disk inside or not, may be used. 
Mercury and hydraulic oil are two common displacing fluids. In this work hydraulic 
oil was used as the displacing fluid for safety considerations. The displaced fluids are 
n-heptane, toluene, crude oil, and mixtures of n-heptane and crude oil, depending on 
the experiments. Since the displacing fluid and the displaced fluids were miscible, the 
vessels with internal disk had been used. The procedure for filling the transfer fluid 
vessels is as follows: 
The disk is lowered by applying gas pressure to the vessel from its top valve, while 
the outlet valve at the bottom of the vessel is opened. The gas is supplied from a high- 
pressure nitrogen gas cylinder. Then the bottom valve of the vessel is closed and the 
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gas pressure shut-off. Then the vessel is evacuated by connecting to a vacuum pump 
and finally, the desired liquid is allowed to transfer into the vessel. The filling process 
only takes a few minutes for a low viscosity fluid such as n-heptane or toluene, but 
needs about two hours for the viscous crude under study. 
e. Pore volume measurement 
1. A vessel was filled with n-heptane and connected to the inlet of the evacuated 
slim tube as explained above. Then both the inlet and outlet valves of the slim 
tube were closed. 
2. First of all, the vessel and the line which connected the slim tube to the vessel 
were pressurized and evacuated from the air that was trapped in this path. 
When the n-heptane in the vessel became completely free of air, its pressure 
was increased to 3500 kPa. The volume of the pumping liquid was recorded by 
using the scaled ruler of the pump. 
3. The inlet valve of the slim tube was opened and the n-heptane allowed to enter 
into the slim tube. By injecting n-heptane into the slim tube its pressure was 
increased to 3500 kPa. When the pressure remains constant for a sufficiently 
long time, the volume of the pump liquid is recorded. The difference between 
this value and the one previously recorded in step 2 is the pore volume of the 
slim tube. 
The pore volume of the porous medium using the above technique was measured to 
be 150 cm3. Knowing the dimensions of the porous system mentioned in Section 
3.5.1, the total bulk volume of the system is calculated as 552 cm3. Dividing the pore 
volume by the bulk volume of the system results in the porosity of the system as 27%. 
f. Determination of system flow behavior 
To construct a mathematical model that is able to predict the deposition of asphaltene 
in a porous medium, knowledge of the working fluid's theological behavior is of 
utmost importance. For this purpose, some mixtures of Ahwaz Bangestan crude oil 
with different percentages of n-heptane were made. The concentrations of n-heptane 
in these mixtures were 20,40,60,80, and 100%. 
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Using a rotational viscometer for each mixture at different shear rates the 
corresponding shear stresses were determined. Figure 3.5 shows the graph of shear 
stress versus shear rate. As shown in this figure, the plot of each graph is a straight 
line demonstrating the Newtonian behavior of the fluid. Thus, it can be concluded that 
the mixture of crude oil and n-heptane at any dilution ratio is a Newtonian fluid and 
consequently the use of Darcy's law in flooding experiments in porous media is 
permitted. 
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Fig. 3.5: Shear stress vs. shear rate for different concentrations of n-heptane mixtures. 
2. Permeability measurements 
For measuring the permeability of the porous medium a steady state, single-phase 
flow of a Newtonian fluid through the porous medium was used. For this purpose, a 
stream of fluid which is non- reactive with the porous medium, e. g. toluene, is 
injected into the slim tube at a very low flow rate. The outlet of the slim tube is 
connected to the atmosphere. After steady-state flow is achieved, the injecting 
pressure is recorded. Knowing flow rate, injecting pressure, dimensions of the porous 
medium and viscosity of the fluid at the prevailing temperature, Darcy's equation is 
applied to calculate the permeability. 
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q=0.9864 
LP 
µ 
(3.4) 
In the above equation, q is the injection flow rate which is expressed in cm3/sec, A is 
the cross-sectional area of the porous medium in cm2, L is the length of the porous 
medium in cm, AP is the pressure differential in bar, t is the viscosity of the fluid in 
cp, and k represents the permeability of the porous medium which is expressed in 
darcies. 
Darcy's law is usually considered to be valid when the Reynolds number defined for a 
porous medium is less than one. The Reynolds number, Re= 
yPD 
, is the ratio of µ 
inertial forces to viscous forces in terms of a characteristic length perpendicular to the 
flow for the system. In this relation, D, is the average pore diameter, p, is the density 
of the fluid at the prevailing temperature, and v, is defined as the actual pore velocity, 
i. e. v= 
Aý 
, in which, ý is the porosity of the porous medium. 
It is important to note that after washing and drying the porous medium, just before 
injecting of fluid for permeability measurement, the system is considered free of 
toluene. At this stage we have two choices: 
1. Evacuating the system for approximately 20 hours and then injecting the fluid 
into the slim tube. 
2. Injecting the fluid into the slim tube without evacuating the system. 
Both methods have been investigated. The result is shown in Figure 3.6. If the first 
method (vacuum) is used, the injection pressure reaches steady state in a relatively 
short time. But with the second method the injection pressure rises continuously and 
will achieve the shape of a hump. It reaches steady state after considerable delay. The 
first method is hence recommended. 
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Fig. 3.6: Effect of trapped air on fluid pressure. 
h. Calculation of packed bed porosity by Carman-Kozeny equation 
To calculate the porosity of the porous medium the Carman-Kozeny equation 
(Rhodes, 1998) describing laminar flow through randomly packed particles is applied, 
as follows: 
-AP =KZ(1- 
)Zµus2 
Le 
(3.5) 
In the above equation, OP is the fractional pressure drop across a bed depth L, $. is the 
porosity of the packed bed, u is the superficial velocity, µ is the viscosity of the fluid, 
S is the specific surface area of the bed of particles (particle surface area per unit 
particle volume), and KZ is a constant. All variables are expressed in SI units. 
The constant KK depends on particle shape and surface properties and has been found 
by experiment to have a value of about 5. Taking K. = 5, for laminar flow through a 
randomly packed bed of monosized spheres of diameter d (for which S= 6/d) the 
Carman-Kozeny equation becomes: 
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OP 180µu (1- 4)Z (3.6) 
L d2+3 
This is the most common form in which the Carman-Kozeny equation is quoted 
(Rhodes, 1998). Substituting Darcy's law expressed by Eq. (3.4) into Eq. (3.6) gives: 
d24 3 
k 
180 (1-4)Z 
(3.7) 
where k is the permeability of the porous system in m2. The permeability of the clean 
system was determined as 5 darcies (4.93 X10-12M2 ) by injecting toluene into the 
porous system and applying Darcy's law. The experiment is detailed in Section 4.3.1. 
Substituting the value of permeability and average diameter of round grained glass 
beads by which the porous medium is packed (160 µm) in Eq. (3.7) yields the 
porosity of the system as approximately 0.2655, which is very close to the one 
determined in part e of Section 3.5.2. 
The porosities for face-centered cubic and body-centered cubic packing types are 
0.2595 and 0.3198, respectively (German, 1989). The porosity of the system under 
study is close to the porosity of the former one. 
The permeability for a porous bed with a monosized spheres of 160 gm diameter can 
be easily computed by applying Eq. (3.7). Face-centered cubic and body-centered 
cubic packing types have permeabilitys of 4.53x 10'12m2 and 1.01 x 10"1ßm2 , 
respectively. This indicates clearly that the permeability of our system is very close to 
the permeability of a face-centered cubic packing type porous system. 
Generally, the pore size depends on the particle size and the porosity. For an ordered 
monosized sphere packing, the pore size can be related to the insphere diameter which 
is the constriction size between the spheres; it is the diameter of a sphere capable of 
just passing through the void between the spheres. For a face-centered cubic packed 
structure, the size of the insphere is 0.1547 times the diameter of the face-centered 
cubic packed sphere (German, 1989). Since the packing structure of the porous 
medium under study is very close to a face-centered cubic packed structure, its pore 
size can be easily calculated as approximately 25 µm. 
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2. Flooding experiments 
A series of flooding experiments was carried out to determine the effect of solvent to 
oil ratio, rate of injection and temperature on reduction permeability of the porous 
medium due to asphaltene deposition. Normal heptane was used as a solvent in this 
work. The rate of injection into the porous medium was designed such that the 
Reynolds number was less than or equal to unity in order to apply Darcy's law for 
determining the permeability of the porous medium. 
Preliminary work discussed previously is necessary for providing the operating 
conditions for the porous medium flood tests. The procedure of the flood test is as 
follows: 
1. One of the piston-equipped fluid transfer vessels is filled with filtered crude 
oil, and another with n-heptane. 
2. The vessels are connected to each other by means of two lines connected to 
the top valve of each vessel, with aT -junction in between. 
3. A pump is connected to the bottom valve of each vessel, then each pump is 
adjusted to the desired flow rate and the system evacuated from trapped air. 
4. The outlet of the T -junction is connected to the inlet of the porous medium, 
which was previously evacuated, while the inlet valve is closed. 
5. Injection of both fluids is started and the crude and n-heptane allowed to mix. 
The inlet valve to the porous medium is opened simultaneously with turning 
on the pumps. The starting time of the injection is recorded. 
6. The inlet pressure of the porous medium is recorded every 2 minutes. The 
mixture of the crude and n-heptane flows through the porous medium. After 
injecting about one pore volume (150 cm3) of the mixture into the porous 
medium the inlet pressure begins to rise. The outlet valve is then opened and 
the mixture produced. The inlet pressure begins to drop and reaches steady 
state condition within a short time. The pressure then increases continuously 
due to asphaltene deposition in the porous medium. When the mixture is 
observed at the outlet of the porous medium, a sample with a volume of about 
10 cm3 is collected every 10 minutes. The sampling operation continued until 
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at least 4 pore volumes of fluid have been injected into the slim tube. If the 
pressure exceeds 28000 kPa, the experiment is terminated for safety 
considerations. 
7. The samples collected from step 6 are used to determine the asphaltene 
precipitated leaving the slim tube and remaining in these samples. 
Based on data obtained in part 6, and applying Darcy's law, the permeability of the 
porous medium versus time or pore volume of fluid injected can be calculated for 
different experiments. By performing such experiments and analyzing the 
experimental results one can show the effects of different parameters on the severity 
of permeability impairment due to asphaltene deposition in the porous medium. Data 
obtained in step 7 provide the concentration of precipitated asphaltene in the effluent 
versus time for each experiment. 
3. Density and viscosity measurements 
Density measurement 
Knowing the density of each mixture was nessesary for determining the amount of 
asphaltene deposited in the porous medium during each experiment. Since the 
mixtures of oil and n-heptane were basically incompressible, changes of density due 
to changes in pressure were neglected for all mixtures. For this reason the density 
measurement of each mixture occurred at atmospheric pressure and the prevailing 
temperature. 
The measurement was accomplished with a Anton Paar DMA45 U-tube density 
meter, which can be used to determine the density of any homogeneous fluid at 
different temperatures by vibrating the fluid. The approximate time needed to reach 
steady state conditions differs for different fluids. The more viscous the fluid is, the 
more time is needed. 
Viscosity measurement 
Viscosity of a fluid is an essential flow parameter for determining the permeability of 
a porous medium in which the fluid flows. Liquid viscosity decreases with 
temperature and increases with pressure. At low to moderate pressures, the change in 
liquid viscosity is negligible, but for high pressures it may be considerable. The 
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viscosities for different mixtures were hence measured at different pressures and 
temperatures of the experiments. 
A Ruska high pressure, viscometer Model No. 1602 was used for determining the 
viscosity of different working fluids throughout the experiments. It operates on the 
principle of the measurement of time required for a rolling ball, affected by shear and 
pressure of the fluid, to travel a pre-determined distance at controlled conditions. It 
employs a '/a inch diameter rolling steel ball for determining the absolute viscosity of 
liquid-phase samples at constant temperatures and pressures. The ball is positioned 
inside the measuring barrel with the test fluid sample so that it is limited to only 
rolling type motion. An electrically controlled clock records the time required for the 
ball to roll through the barrel. It is equipped with an electric heating jacket control 
system for making measurements at accurately controlled temperature. This 
eliminates the need for circulating hot water through a coil or submerging the test 
assembly in a tank of hot oil or water. The operation of the instrument is, therefore, 
more efficient and safe. Viscosity values are then obtained by correlation of the 
measured data with curves of fluids with known viscosities and densities. 
The range of operating variables in the flooding experiments is given in Table 3.2. 
Table 3.2: Range of operating parameters in the flooding experiments. 
Concentration of n-heptane in the mixture 0,40,50,60,80 vol. % 
Density 0.7 - 0.9 g/cm3 
Injection flow rate 15,30,60,90 cm3/hr 
Pressure 0- 37000 kPa 
Temperature 30 - 90°C 
Viscosity 0.5 -6 cP 
3.6 Repeatability of the experiments 
Some runs were repeated to check the reproducibility of the experiments, which 
proved to be very good as demonstrated in Figures 3.7 and 3.8. 
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3.7 Error analysis 
Error is expressed either as an absolute or a relative quantity, both forms of expression 
are commonly used. An absolute error has the same dimension as the measurement to 
which it relates, while a relative error is dimensionless. When mathematical 
manipulations are carried out upon numbers which are the result of quantitative 
measurements, it is always desirable to know the error of the calculated result. The 
error in the calculated result will depend upon the errors in the measurements 
from which the result is calculated. Since the error of a calculated result should 
not be less than the error in the least accurate number used in the calculation, it is 
assumed that errors always increase or propagate. The rules for propagation of error 
in arithmetic operations are as follows: 
1. When two values are added or subtracted, the absolute error of the calculated 
result is the sum of the absolute errors of the values. 
2. When two values are multiplied or divided, the relative error of the 
calculated result is the sum of the relative errors of the values. 
Since the results of multiplication and division have different units from those of the 
original values, the relative errors must be used in these operations. 
The variations of permeability vs. pore volumes of fluid injected were measured by 
applying Darcy's law for single phase flow: 
q=0.9864 
kA AP (3.4) 
µ 
Solving Eq. (3.4) for k yields: 
k =1.0137 
µL q (3.8) 
A AP 
Bu and Damsleth (1996) introduced the uncertainties in permeability measurements as 
follows: 
ek 
(. 
4 Z eL 2 AA 22 eP 2 (3.9) 
kµ 
__) +(L)+ 
)+ q+P 
µ 
(q) 
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A k, iµ, OL, AA, Oq, and OP represent the errors or uncertainties associated with these 
quantities. The accuracies and errors associated with the experimental equipment are 
given in Table 3.3. 
Table 3.3: Accuracies and errors of the equipment. 
Equipment Accuracy % Error 
Jefri Reciprocating Pump t1 cm3/hr 1% 
Pressure Gauge ± lpsi 1% 
Ruska Viscometer ± 0.01 cP 3% 
The inaccuracy in calculating the cross-sectional area of the slim tube was obtained 
0.02 cm2 and for its length was 1 cm. Substitution of desired values in Eq. (3.9) 
yields: 
Ak 
= 
/(O. 
03)2 +1Z+0.292 + (0.01)2 + (0.01)2 = 0.0765 or 7.65% (1829) ý) 
It is important to note that this value corresponds to the maximum relative errors. 
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Chatter 4 
Experimental Results and Discussion 
In this chapter, all the experimental observations previously outlined in Chapter 3 will 
be presented. The experiments carried out in this study may be classified into four 
main categories: 
1. Experiments to show the factors affecting the amount of asphaltene precipitated 
2. Particle size measurements 
3. Flooding experiments 
4. Reversibility tests 
4.1 Factors affecting the amount of asphaltene precipitated 
Several experiments were carried out in order to investigate the influence of various 
factors affecting the amount of asphaltene precipitated. The experiments included: 
4.1.1 Effect of dilution ratio on asphaltene precipitation 
Several mixtures of crude oil and n-heptane were prepared with different dilution 
volume ratios, "R", which is the ratio of the volume of n-heptane to the volume of oil 
used in each mixture. The amount of precipitated asphaltene was measured for each 
mixture. Figure 4.1 shows the effect of dilution ratio on the amount of asphaltene 
precipitation. As this figure shows, the amount of precipitated asphaltene increases 
with dilution volume ratios "RR", up to 14 and remains constant for higher values of 
"R, ". 
Another experiment was conducted beside this experiment to measure the density of 
each mixture individually. Since each mixture with a specific dilution volume ratio, 
"R, ", has its particular density, one can construct a graph representing the amount of 
precipitated asphaltene versus density for different mixtures of n-heptane and crude 
oil as depicted in Figure 4.2. 
Experimental Results and Discussion 108 
9 
8 
7 
äs 
ä4 
d 0 as 
3 
a h 
d2 
1 
. 
o+ 
0 5 10 15 20 Rv 
Fig. 4.1: Effect of dilution volume ratio on the amount of asphaltene precipitation. 
9 
8 
e 
I 
äs 
ä4 
as a as 3 
. sý a d2 
i 
0 
0.65 0.7 0.75 0.8 0.85 0.9 
Density (g/cm) 
Fig. 4.2: Amount of asphaltene precipitated versus density of the mixtures. 
v. y: ) 
Experimental Results and Discussion 109 
4.1.2 Effect of temperature and n-alkane precipitants on asphaltene precipitation 
The amounts of asphaltene precipitation have been measured at temperatures of 30°C, 
50°C, and 70°C. At each temperature, three n-alkanes (pentane, hexane and heptane) 
were used as precipitants at various dilution volume ratios, R. All experiments were 
carried out at atmospheric pressure. 
Figures 4.3 through 4.8 show the experimental results, confirming that (1) the amount 
of asphaltene precipitation decreases as the molecular weight of n-alkane increases. 
This result is expected since the solubility parameter of n-alkane increases with 
increasing of molecular weight. (2) An increase in temperature results in a decrease of 
asphaltene precipitation. This may be determined by the strength of the associating 
forces responsible for the aggregation of asphaltene molecules. The aggregating or 
adsorption bonds will at a given temperature start to rupture, and the solubility will 
increase on further increase of the temperature. 
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4.1.3 Effect of contact time between solvent and oil on asphaltene precipitation 
Two mixtures of n-heptane and oil with volumetric ratios of 15 and 1 were prepared. 
The amounts of asphaltene precipitated were measured at different times for each 
mixture. Figure 4.9 presents the results for the weight percent W of the precipitated 
asphaltene, in weight of asphaltene per grams of the crude versus time. As this figure 
indicates, for the mixture with n-heptane to oil volume ratio of 15, the final amount of 
the precipitated asphaltene is obtained a very short time after the mixture were 
prepared, i. e., immediately when n-heptane is added to the crude oil and mixed. 
In case of the mixture involving equal volumes of n-heptane and oil, about 90% of the 
precipitable asphaltene precipitates during the first 5 minutes of the process time and 
the rest precipitates within 15 minutes. 
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Fig. 4.9: Effect of time on the amount of asphaltene precipitation. 
These experiments show that the oil under study has a low resin content and even 
addition of a small amount of n-heptane to oil causes the asphaltene miscles to lose 
their resins, so that one obtains a large number of asphaltene aggregates. However, 
after some minutes, depending on the volume of n-heptane in the mixture, all of the 
resins were used up. Thus, the amount of the asphaltene precipitation reaches an 
essentially constant value. Therefore, as shown in the two above experiments, the 
effect of time on the amount of asphaltene precipitated is insignificant. 
4.1.4 Effect of pH on asphaltene precipitation 
Some mixtures of n-heptane and oil were prepared in order to investigate how the pH 
of such mixtures affects the amounts of asphaltene precipitation. The volume ratios of 
n-heptane to oil were 5 for all of these mixtures. By addition of appropriate amounts 
of aqueous HCl or NaOH solutions to each sample, a series of mixtures with various 
pH values was obtained, and then the amount of precipitated asphaltenes was 
measured for each mixture. The above procedure was repeated with n-hexane instead 
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of n-heptane. Figure 4.10 shows the results obtained in this work. As this figure 
shows, pH of a solution has a significant effect on the amount of asphaltene 
precipitation. 
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Fig. 4.10: Effect of pH on the amount of asphaltene precipitation. 
4.2 Determination of particle size of precipitated asphaltene 
4.2.1 Optical microscope studies 
Different mixtures of oil and n-heptane were prepared in order to determine the 
particle size of asphaltene precipitated in a particular mixture. In these mixtures the 
concentration of n-heptane varied as 10,15,20,25,30,40,50,60,80, and 95% by 
volume. They were left in a dark place for about 6 hours and after that measurement 
was accomplished with a microscope with the magnification of 100X. 
Visual observations showed no deposits of asphaltenes for mixtures of 10,15, and 
20% n-heptane concentration. The minimum concentration of n-heptane at which 
solid particles of asphaltene were observed was 25 volume percent equivalent to a 
Experimental Results and Discussion 115 
dilution volume ratio RR of 0.3. In other words, the dilution volume ratio at the onset 
of asphaltene precipitation is 0.3. The deposits of asphaltenes were observed clearly 
for other mixtures (40%, 50%, 60%, 80%, and 95%) above the precipitation onset. 
The results showed that the size of particles is in the range 1 µm - 4µm for each 
mixture, regardless of its n-heptane content. The quantity of deposited asphaltenes 
was increased with the increase in concentration of n-heptane whereas the particle 
size was independent of the n-heptane concentration in each mixture. Figures 4.11 to 
4.14 show the results for mixtures of 40%, 50%, 60%, and 80% n-c7 concentration 
respectively. 
4.2.2 SEM measurements 
To characterize and measure the size of particles of precipitated asphaltene another 
technique was also employed. The deposits of asphaltenes were collected from 
different mixtures of the oil and n-heptane with various dilution volume ratios, R. 
These solid samples were analyzed using a high resolution Scanning Electron 
Microscope (SEM). 
As indicated already in Chapter 3, the crystalline particles of asphaltene produced by 
centrifugation are much larger in size due to the strong agitation. It is believed that the 
particles formed by contacting feed streams of n-heptane and crude oil in flooding 
experiments discussed in Chapter 4 are much smaller and not in this crystalline form. 
They are much more likely to be in the form of loose aggregates seen in Figures 4.15 
and 4.16. These figures show the SEM photographs for asphaltene solid particles 
obtained from the mixtures with dilution volume ratios of 1 and 5 respectively. 
4.2.3 X-Ray Diffracting studies of elemental analysis 
Elemental analysis of deposits was made by X-Ray Diffraction with the aim of 
distinguishing asphaltene particles from possible sand particles or clay minerals 
contained in oil during production. Figures 4.17 and 4.18 show the X-Ray analysis 
results for the particulate matter obtained from the mixtures of n-heptane to oil 
dilution volume ratios of 1 and 5 respectively. According to these results, all 
sediments consist of asphaltene, only. 
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Fig. 4.11: Microscopic image of asphaltene particles obtained from a mixture at 40% 
concentration of n-c7. 
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Fig. 4.12: Microscopic image of asphaltene particles obtained from a mixture at 50% 
concentration of n-c7. 
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Fig. 4.13: Microscopic image of asphaltene particles obtained from a mixture at 60% 
concentration of n-c7. 
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Fig. 4.14: Microscopic image of asphaltene particles obtained from a mixture at 80% 
concentration of n-c7. 
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Fig. 4.15: SEN1 photograph o(asplºalteuc particles obtained Iron at ºuixlurc mill dilution volume 
ratio of R, =1. 
Fig. 4.16: SEM photograph of asphaltene particles obtained from a mixture with dilution volume 
ratio of R, =5. 
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Fig. 4.18: Typical X-Ray analysis for asphaltene particles obtained from a mixture with R. = S. 
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4.3 Flooding experiments 
To understand the physical phenomena of asphaltene deposition in porous media, 
several experiments with different parameters were conducted on a synthetic porous 
medium as explained in Chapter 3. In the following sections, the experimental results 
are presented and discussed. 
4.3.1 Measurement of permeability of clean system 
Before starting each flooding experiment, the porous medium under investigation has 
been washed, dried, and evacuated, as explained in Chapter 3. Then the permeability 
of the clean system was determined by injecting toluene into the porous medium and 
finally, the permeability was calculated by applying Darcy's law. For all experiments, 
the permeability of the clean porous medium was 5 darcies (4.93x 10"12 m2). Figure 
4.19 shows the inlet pressure for toluene injection into the porous medium versus 
time. After about 1.3 pore volumes of fluid injected, the inlet pressure remains 
constant at 480 kPa (77 psi). The pressure fluctuation was not considered and was due 
to experimental conditions. This typical experiment was carried out at 90°C and an 
injection rate of 30 cm3/hr. 
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Fig. 4.19: Injection pressure of toluene versus time at 90°C. 
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4.3.2 Effect of solvent to oil volume ratio on asphaltene deposition 
To study the effect of solvent to oil volume ratio on the amount of asphaltene 
deposition in porous media and therefore permeability impairment, a series of 
experiments was carried out. These experiments were performed at constant injection 
rate of 30 cm3/hr and a system temperature of 90°C. In these experiments the 
concentration of n-heptane varied from zero (fresh oil) to 40,50,60, and 80 volume 
percent. 
Figures 4.20 to 4.25 show the results of these experiments. Figure 4.20 shows the 
variation of injection pressures as a function of time for all the mixtures. As this 
figure shows the concentration of n-heptane in each mixture has a significant effect on 
its injection pressure into the porous medium. The fluid left the slim tube at least 310 
minutes after being injected into the medium. 
For fresh oil no change in injection pressure was observed once complete flooding 
was achieved. This behavior is a good indication that there is no deposition of 
asphaltene into the porous medium. The injection pressure for fresh oil is higher than 
that of mixtures of 40%, 50% and 60% n-C7 concentration, because the viscosity of 
fresh oil is high compared with those of these mixtures of n-C7 and oil. The addition 
of n-C7 to crude oil reduces the viscosity of the prepared mixtures. 
It is important to note that the high injection pressure itself is not an indication of 
asphaltene deposition. A mixture with higher viscosity was injected with higher 
injection pressure than one with lower viscosity. But the rate change in injection 
pressure may be a good indication of asphaltene deposition. The injection pressure 
build up rate is higher for a mixture with more asphaltene deposition. 
Unlike the fresh oil, variation of injection pressure was observed for the mixtures, 
depending on the concentration of n-heptane in the mixture under consideration. The 
rate of change of pressures for mixtures of 40,50 and 60 volume percent of n-heptane 
were completely different from that of 80 volume percent. Figure 4.21 shows the 
variation of injection pressure as a function of pore volumes of fluid injected for 
different mixtures. Figures 4.22 and 4.23 present a more detailed information about 
the pressure change of the respective mixtures. Figure 4.22 shows that the pressure 
Experimental Results and Discussion 122 
rate change for the mixture with 50% is more than that with 40% which reveals that 
the amount of asphaltene deposition for the mixture with 50% is more than that of the 
mixture with 40%. This figure also shows that the pressure rate change for the 60% 
mixture is considerably more than that with 50% which reveals more asphaltene was 
deposited for mixture of 60%. The variations in the rate of pressure change for each 
mixture are in a way that one can conclude all these three mixtures obey the same 
mechanism of asphaltene deposition. 
In Figure 4.23, comparison between the two curves representative of mixtures with 
80% and 60% shows that the rate of pressure change for the mixture with 80% is 
much more pronounced than that with 60% due to more precipitated asphaltene 
present in the mixture. The pressure for 80% heptane reaches 37000 kPa after injection 
of just 1.5 pore volumes of fluid and an abrupt change in pressure is observed even before 
injection of 1 pore volume of fluid. In other words the porous medium was faced with 
complete plugging before 1.5 pore volumes of fluid was injected. 
In addition to the above observation, it is interesting that an oscillatory pattern can be 
observed during the first pore volume of fluid injection. A mechanism for this 
behavior has been suggested. From the particle size analysis it was found that the 
asphaltene particles are small (1µm - 4µm), at stagnant conditions in a non-porous 
medium. At flowing conditions in a porous medium these particles collide due to 
hydrodynamic forces, aggregate and grow in size. This, results in formation of 
particles large enough to obstruct the pore throats of the porous medium depending on 
the amount of precipitated asphaltene suspended in the mixture, decrease the 
permeability, and thus increase the injection pressure. Particle retention in the porous 
medium continues until the injection pressure rises high enough that the 
hydrodynamic forces which act on deformable asphaltene particles can push them 
through the pore throats and cause a sudden pressure reduction. 
The abrupt change in pressure just 30 minutes after starting the injection into the slim 
tube and the oscillatory pattern thereafter, are good evidences that the most severe 
plugging is likely to take place near the entrance of the slim tube. It is important to 
note that the front of the fluid travels only 3.658 m during this time, if the flow is 
assumed to be piston-like, while the total length of the slim tube is 18.288 m. 
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Asphaltene deposits are sticky, and therefore, it has been assumed that they cannot be 
removed once they have deposited. 
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Fig. 4.20: Comparison of injection pressure versus time for different mixtures at 90°C. 
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It is important to note that the amount of precipitated asphaltene in the effluent of all 
mixtures was zero. This reveals that all precipitated asphaltene deposits in the porous 
medium and is not removed thereafter. For this reason, the severity of permeability 
impairment strongly depends on the concentration of precipitated asphaltene 
suspended in the mixture under investigation. 
Figure 4.24 shows the variation of k/k; versus pore volume of fluid injected for 
different mixtures. The ratio of permeability at a particular time, k, to the initial 
permeability k;, represents the degree of permeability reduction. The permeability was 
determined by applying Darcy's law at a particular time. Since Darcy's law is only 
applicable for steady-state condition, it could not be used before at least 1 pore 
volume of fluid had been injected. For this reason, the curve of variation of k/k; versus 
pore volume of fluid injected starts at 1 pore volume of fluid injected. Hence there are 
no experimental data in the region PV=O -1. 
As Figure 4.24 shows, a permeability reduction of 28%, 50% and 78% is observed for 
mixtures of 40%, 50% and 60% n-heptane concentration, respectively, after injecting 
4 pore volumes of fluid. 
The concentrations of precipitated asphaltene predicted by the recommended scaling 
equation (see Section 5.8) are 0.38%, 0.62% and 0.97% (by weight), respectively, for 
the three mixtures above. The difference of 22% permeability reduction between the 
two mixtures of 40% and 50% n-C7 concentration may be due to the difference of 
0.24% asphaltene deposited in the porous medium. The same is true of the two 
mixtures 50% and 60% n-C7 concentration in which deposition of 0.35% asphaltene 
(the difference in precipitated asphaltene concentration between the two mixtures) 
resulted in difference in permeability reduction of 28%. According to Figure 4.24, 
about 95% of the initial permeability was lost during the first pore volume of fluid 
injected for a mixture with 80% concentration of n-heptane. The minimum 
permeability ratio remains almost constant between 1 to 2 percent which is a good 
indication that complete plugging occurred at about 1.5 pore volumes of fluid injected 
for a mixture with 80% n-heptane concentration. It is important to note that the 
concentration of precipitated asphaltene predicted by the scaling equation is 2.25% for 
a mixture with 80% n-heptane concentration. 
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According to Figure 4.24, one may categorize the mixtures into two groups based on 
the observed trends. The mixtures with 40%, 50%, and 60% behave similarly and may 
obey one mechanism of asphaltene deposition while the mixture with 80% obeys 
another deposition mechanism. It is likely that, at the beginning of injection, the 
asphaltene particles deposit onto the pore surface. Since they are sticky and cannot be 
removed once deposited, multilayer deposition could occur during this surface 
deposition. Pore throat bridging is initiated as soon as aggregated particles of 
asphaltene flowing through a pore throat may form a bridge, i. e. may be attached 
either to two particles already deposited onto the pore throat surface (three-particle 
bridging) or to a previously deposited particle and the pore throat surface (two- 
particle bridging). Since the pore throats of the porous medium under study are 
relatively large (25 µm), the trivial case of single-particle bridging (size exclusion) is 
not considered here. Once a bridge is formed and consolidated, the newly arriving 
particles accumulate upstream from bridged pores, thus decreasing drastically the 
permeability of the porous medium. When the fraction of bridged pore throats reaches 
a critical value the pores are no longer connected over the damaged zone. Then all the 
incoming particles accumulate not only upstream from bridged pore throats but also 
inside all pore bodies still accessible, forming what is conventionally called internal 
cake. Note that the onset of internal cake formation is detectable when a steep decline 
of the k/k; curve is obtained and the permeability ratio stabilized at a minimum value. 
Such behavior is easily seen for the mixture with 80% n-heptane concentration. 
Figure 4.24 also shows that there is a critical concentration of precipitated asphaltene 
at which internal cake formation takes place within one pore volume of fluid injected. 
This critical concentration may be near 2.25% precipitated asphaltene. 
The main effect of concentration is the change in pore volume of fluid injected or 
time, which is required to cause complete plugging. Figure 4.25 shows how the time 
required to reach complete plugging decreased dramatically with increasing 
concentration. For example, complete plugging is reached around 450 minutes for the 
mixture with concentration 2.25%. Therefore, as the concentration value is decreased 
to values below 2.25%, complete plugging took place after a longer period of time, 
depending on the value of concentration. 
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4.3.3 Effect of temperature on asphaltene deposition 
A series of experimental runs was conducted to investigate the role of temperature. In 
these experiments, the injection flow rate and the n-heptane concentration were kept 
constant at 30 cm3/hr and 50% respectively, while the temperatures varied as 30°C, 60 
°C, and 90°C. Figures 4.26 and 4.27 show the variation of injection pressure versus 
pore volume of fluid injected and time, respectively. Knowing the viscosity of the 
mixture at different temperatures (see Appendix A) and applying Darcy's law, the 
permeability is computed at a particular time or pore volume of fluid injected. Figures 
4.28 and 4.29 show the variations of permeability ratio, k/k;, versus pore volume of 
fluid injected and time, respectively. These figures show that, at lower temperatures, 
the permeability declines more rapidly. In a previous chapter, it was explained that the 
solubility of asphaltene increases with temperature and, consequently, the 
concentration of precipitated asphaltene increases with decreasing temperature. Since 
the concentration of precipitated asphaltene has a strong effect on permeability 
reduction, i. e. more concentration results in more permeability reduction, it is obvious 
that the severity of permeability reduction increases with decreasing temperature. 
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4.3.4 Effect of injection rate on asphaltene deposition 
To investigate the effect of injection rate on asphaltene deposition, two series of 
experiments were performed in which the concentration of n-heptane in each series 
was kept constant at 40% and 50% by volume while the injection flow rates varied as 
15 cm3/hr, 30 cm3/hr, 60 cm3/hr, and 90 cm3/hr for both series of experiments. 
Temperature was also kept constant at 90°C for all experiments. 
Figures 4.30 and 4.31 show the variations of injection pressure versus pore volume of 
fluid injected and time respectively, for a mixture with 40% n-heptane concentration. 
It is important to note that the injection system was pressurized, therefore a limited 
volume of fluid can be injected. The maximum allowable volume of fluid that could 
be used for injection into the slim tube was about 750 cm3. For this reason and for the 
sake of uniformity between the experiments, it was decided to inject 4 pore volumes 
of fluid (600 cm) in each of the experiments. Due to these considerations the 
experiments carried out at different rates finished after different times. 
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As Figure 4.31 shows the experiments ended after 400,600,1200, and 2400 minutes 
for injection rates of 90 cm3/hr, 60 cm3/hr, 30 cm3/hr, and 15 cm3/hr respectively. 
The above figures show that the absolute level of injection pressure increases with 
injection rate due to increase of frictional pressure drop. Applying Darcy's law and 
computing permeability at different times revealed, that the transient change of 
pressure was a function of the injection rate. Figures 4.32 and 4.33 show the variation 
of permeability ratio versus pore volume of fluid injected and time, respectively. 
Based on these figures the degree of permeability reduction for injection rates of 15 
cm3/hr, 30 cm3/hr, 60 cm3/hr, and 90 cm3/hr is 28%, 29%, 31%, and 34% loss of 
initial permeability after 4 pore volumes of fluid injected. These figures also show 
that at higher flow rates the permeability declines more rapidly. It is important to note 
that the permeability reduction due to increasing rate from 15 cm3/hr to 90 cm3/hr was 
only 6% of the initial permeability. It is easily concluded that the effect of injection 
rate on asphaltene deposition and permeability impairment is weaker than that of the 
concentration of suspended asphaltene particles. 
Figures 4.34 and 4.35 show the variation of injection pressure versus pore volume of 
fluid injected and time, respectively, for mixtures of 50% n-heptane concentration at 
various injection rates. Figures 4.36 and 4.37 also show the variation of permeability 
ratio k/k; versus pore volume of fluid injected and time, respectively. According to 
these figures, permeability reduction of 47%, 50%, 55%, and 59% of initial 
permeability occurred for injection rates of 15 cm3/hr, 30 cm3/hr, 60 cm3/hr, and 90 
cm3/hr respectively after 4 pore volumes of fluid injected. Comparison of Figures 4.32 
and 4.36 show that, the permeability impairment is more pronounced for mixtures 
with 50% n-heptane concentration than with 40%. This is because the concentration 
of asphaltene particles suspended in the 50% mixture is more than that for 40%. 
Finally, one can hypothesize that for the case of fine particles a low flow rate 
translates into less energy of floatation, which typically means that the deposition rate 
would increase with decreasing flow rate. This is not the case for asphaltenes, for 
which a high flow rate increases particle interaction and enhances particle trapping 
and aggregation. 
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4.3.5 Effect of mass of injected asphaltene on asphaltene deposition 
To investigate the effect of mass of precipitated asphaltene injection into the porous 
medium, all experimental runs were plotted as permeability reduction versus mass of 
asphaltene injected into the porous medium, as shown in Figures 4.38 to 4.41. 
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Fig. 4.38: Variation of permeability ratio versus mass of precipitated asphaltene injected for 
different injection rates at 40% concentration of n-C7. 
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These figures show that the permeability reduction is not only a function of mass of 
precipitated asphaltene injected. The rate of injection and concentration of asphaltene 
in each mixture are two important factors responsible for permeability reduction. Not 
only the amount of asphaltene deposition into the porous medium, but also the 
distribution of the deposits are responsible for permeability reduction. 
Figure 4.38 shows the variation of permeability ratio versus mass of injected 
asphaltene for mixtures with 0.38% (by weight) concentration of precipitated 
asphaltene and different flow rates. Two runs of 15 and 30 cm3/hr were collapsed into 
one curve while others were not collapsed but were very close to each other. Figure 
4.39 is the same as Figure 4.38 with the exception of the concentration of asphaltene. 
The concentration of precipitated asphaltene is 0.62% (by weight). Unlike Figure 
4.38, two runs of 15 and 30 cm3/hr did not collapse into one curve but were closer 
than the others. Comparison of these two figures shows that the effect of injection rate 
on permeability reduction is more pronounced for higher flow rates and higher 
concentrations of asphaltene precipitated. 
Figures 4.40 and 4.41 also show that the concentration of asphaltene precipitated is a 
major parameter with respect to permeability reduction. The higher the concentration 
of asphaltene precipitated the higher the permeability reduction, while the mass of 
injected asphaltene is identical for the different mixtures. 
Comparison of Figures 4.38 to 4.41 reveals that the injection flow rate is less effective 
than the concentration of precipitated asphaltene with regard to permeability reduction 
versus mass of asphaltene injected into the porous medium. 
4.4 Reversibility of asphaltene precipitation 
To address the question of reversibility of asphaltene precipitation/deposition 
processes, two sets of experiments were carried out in both non-porous and porous 
media. In the non-porous medium the behavior of precipitated asphaltene in the crude 
oil following flocculant removal by vaporization and addition of fresh crude oil was 
investigated. The reversibility of asphaltene precipitation due to temperature change 
was also evaluated. For the porous medium a typical flooding test was performed by 
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injecting a mixture of n-heptane and crude oil and thereafter fresh oil into the porous 
medium. 
4.4.1 Investigation of reversibility in non-porous media 
Three experiments were carried out in a non-porous medium to prove the reversibility 
of asphaltene deposition through the investigation of effects of both composition and 
temperature. Composition of the mixture, i. e., the concentration of n-C7 in the mixture 
may be changed by either addition of enough amounts of fresh oil or, by allowing the 
n-C7 to vaporize. The latter approach was employed in Test R-1 on a single mixture. 
In a second test, R-2, four mixtures of n-C7 and fresh oil were prepared with different 
dilution ratios, and then large amounts of fresh oil were added to each of them to 
obtain very dilute solutions, below the precipitation onset. 
The effect of temperature can be investigated by performing a test involving a 
transient change. First, the temperature is increased from 30 to 70°C while measuring 
the. amount of precipitated asphaltene, and then the temperature is decreased to 30°C. 
Again the amounts of precipitated asphaltene are measured and compared with those 
of the previous stage to investigate the phenomenon of reversibility. 
Effect of composition 
In Test R-1, a mixture of oil and n-C7 with dilution ratio of 15 was prepared. The 
container was closed and the mixture was stored in a dark place. After 24 hours, the 
density of the mixture and the amount of precipitated asphaltene were measured by a 
gravimetric method. In order to change the composition of the mixture, the container 
was opened to allow the n-heptane to vaporize. 
As a result of vaporization of n-heptane, the remaining mixture became gradually rich 
in oil and thereby its density increased. The rate of vaporization of n-heptane was so 
low that the experiment lasted 1 month. During this period, both mixture density and 
amount of precipitated asphaltene were measured. The plot of measured amounts of 
precipitated asphaltene versus mixture density is depicted in Figure 4.42. 
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Fig. 4.42: Amount of precipitated asphaltene as a function of mixture density. 
As shown in Figure 4.42, the amount of precipitated asphaltene decreases as the 
density of the mixture increases. Since the density increases with vaporizing of n- 
heptane, one can conclude that precipitated asphaltene comes back into solution (re- 
dissolution) when the amount of n-heptane decreases. Finally, the amount of 
precipitated asphaltene approaches to zero when all n-heptane vaporizes, that is, no 
precipitated asphaltene remains in the mixture. In Section 4.1.2 the variation of 
precipitated asphaltene with density due to addition of n-heptane as precipitant 
(Figure 4.2) was shown. Superimposing these two figures results in Figure 4.43, 
which simply shows that asphaltene precipitation is a reversible process with no 
hysteresis, if performed over a sufficiently long period of time. 
Test R-2 involved the addition of fresh oil to different mixtures in order to change the 
composition of the mixture. Four mixtures with dilution volume ratios of 2,4,7, and 
10 were prepared, and after 24 hours samples of each mixture were collected to 
measure the amount of precipitated asphaltene. Then, specified volumes of fresh oil 
were added to each mixture to obtain very dilute solutions, below the precipitation 
onset previously determined as a dilution ratio R,, of 0.3. The mixtures were left for 
24 hours while the containers were closed. 
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Fig. 4.43: Comparison of the amounts of asphaltene precipitation/re-dissolution versus mixture 
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In the mean time they were shaken several times in order to mix better. Again after 24 
hours, sampling and measurements were carried out for each mixture. Results of the 
measurements show that there was no precipitated asphaltene in different mixtures 
after addition of fresh oil. This indicates that the process of asphaltene precipitation is 
completely reversible. 
Effect of temperature 
The effect of temperature on reversibility of asphaltene precipitation was investigated 
by conducting Test R-3. In this test, a mixture of n-heptane and oil with dilution ratio 
of 1 was prepared. Twenty samples were taken from this mixture and put in a 
temperature-controlled oven. First the temperature was set at 30°C. After 24 hours, 4 
samples were collected and the amount of precipitated asphaltene of each sample was 
measured. Then an average value was calculated. The temperature was raised to 50°C 
while the other 16 samples remained in the oven for another 24 hours. Again 4 
samples were collected and the amount of asphaltene precipitated was measured. 
ý. 
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This procedure was also repeated for 70°C. Experimental results showed that the 
amount of precipitated asphaltene decreases with temperature. 
To examine the effect of temperature variation in reverse direction, the system 
temperature of 70°C was lowered to 50°C and the mixture was allowed to stay at this 
temperature for 24 hours and thereafter sample collections and precipitated asphaltene 
measurements were done. This procedure was also repeated for a temperature of 
30°C. The amount of precipitated asphaltene increases as temperature decreases. The 
above procedure was also repeated for mixtures with dilution ratios of %/ 7 and 12. 
Results of Test R-3 are presented in Figures 4.44 through 4.47 for the mixtures under 
study. The arrows indicate the direction of the temperature increment or decrement. 
As these figures show, every two measured values of precipitated asphaltene at each 
temperature are approximately the same regardless of whether the temperature is 
increasing or decreasing. This test again confirmed that asphaltene precipitation is a 
reversible process with respect to temperature variations and it is concluded that the 
process has no hysteresis with respect to the direction of temperature variation. 
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Fig. 4.44: Effect of temperature on reversibility of asphaltene precipitation for a mixture of 
n-heptane and oil with It, - 2/3. 
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4.4.2 Investigation of reversibility in porous media 
Test R-4 includes a set of flooding experiments to verify the reversibility of . 
asphaltene precipitation in porous media. First, fresh oil was injected to the clean slim 
tube at a constant flow rate of 30 cm3/hr. The injection pressure was measured at 
different times and plotted as indicated in Figure 4.48. As this figure shows, the 
pressure starts increasing until the first pore volume of the fluid is injected and 
breakthrough occurs. Then pressure reaches a maximum value of 7579 kPa and 
remains constant which shows that no deposition occurred in the porous medium. 
For the second part of the test, the slim tube was cleaned, evacuated and the apparatus 
was set to perform injection of a mixture of 50% n-heptane concentration at 30 cm3/hr 
into the porous medium. Again injection pressure was measured and plotted against 
time. Figure 4.49 represents the variation of injection pressure with time. The 
transient increase of pressure after injection of the first pore volume of fluid is an 
indication of deposition of asphaltene particles in the system. 
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Fig. 4.49: Pressure variation during injection of a mixture of 50% a-heptane. 
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In the next stage, the injection was followed by flooding four pore volumes (600 cm3) 
of fresh oil at 30 cm3/hr to completely displace the remaining mixture. By injecting 
such an amount of fresh oil, what remained from the previous mixture was just the 
asphaltene particles that had already deposited in the pore throats and on grain 
surfaces of the porous medium. The plot of injection pressure versus time (Figure 
4.50) shows a non-uniform, zigzag pattern of pressure variation curve. This 
fluctuation was mainly due to the presence of asphaltene particles and the damaged 
permeability of porous medium. 
After injection of four pore volumes of fresh oil, the pumps were turned off and the 
fresh oil was allowed to soak. The soaking period lasted 100 hours. During the 
soaking time the asphaltene particles re-dissolved in the fresh oil. After that, fresh oil 
was again injected at a rate of 20 cm3/hr. As depicted in Figure 4.51, the pressure 
decreased slowly but in a non-uniform manner and then reached an approximately 
constant value of 5029.7 kPa. 
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Comparison of flow properties of the fresh oil in the last step of this experiment (i. e., 
q= 20 cm3/hr and P =5029.7 kPa, as shown in Figure 4.51) with those of the first step 
(i. e., q= 30 cm3/hr and P= 7579 kPa, as shown in Figure 4.48) shows a constant ratio 
of 2/3 between both pressures and flow rates. This shows that the difference in 
pressures is just due to the difference in flow rates. In other words, permeabilities of 
the porous medium are equal for the first and last steps of the experiment. For this 
reason, one can conclude that in the last step of Test R-4, there is no deposited 
asphaltene in the porous medium to restrict the flow path and that all particles already 
deposited re-dissolved in the fresh oil during the soaking time. It is a good indication 
that the process of asphaltene deposition is also reversible in porous media. Figure 
4.52 represents the overall pressure changes for the deposition and re-dissolution 
processes. 
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Fig. 4.51: Effect of re-dissolution of asphaltene particles on flowing pressure of fresh oil. 
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Chanter 5 
Modeling and Simulation of Asphaltene Deposition 
Asphaltene deposition in near wellbore regions has been a matter of study because of 
its significant impact on permeability reduction as well as productivity decline. 
Several investigators have proposed various models to mathematically describe the 
phenomenon of solid particle invasion and deposition, but models to predict 
asphaltene deposition in porous media are limited. 
Here a mathematical model is developed and proposed for modeling of asphaltene 
particle deposition in porous media. The model is based on material balance equations 
applied on the precipitable asphaltene phase of the crude oil as the carrier fluid. Deep 
bed filtration theory is the approach of the mathematical model. Finally, the validity 
of the proposed model is verified by comparison of experimental data with simulated 
results. The experimental data are used to support the validity and versatility of the 
model. 
The model developed here is proposed for asphaltene particle deposition in petroleum 
reservoirs; however, it may be applied to other solid particle invasion and deposition 
phenomena as well. 
5.1 Modeling aspects and approaches 
To develop the mathematical model, the nature of the porous medium should be first 
taken into consideration. The petroleum reservoir in which asphaltene deposition 
occurs is composed of porous and permeable sandstone and/or limestone rocks called 
reservoir rocks. Two main characteristics of a reservoir rock are its porosity and 
permeability denoted by + and k, respectively. 
Like any natural phenomenon, the porosity and permeability are not uniformly 
distributed over the entire limits of the reservoir, so the average values of $ and k are 
reported and used in calculations related to reservoir studies. Furthermore, the 
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simulation of heterogeneous porous media is tedious and troublesome and is not 
usually of interest. Instead, a uniform and homogeneous porous medium is used to run 
the injection tests and develop the mathematical model. 
As a model porous medium, the slim tube apparatus was selected and used to perform 
flooding experiments. Chapter 3 covers the specifications of the slim tube in more 
detail. Use of slim tubes has some advantages; among them are the length of the 
porous medium and the full development of linear fluid flow, which make it a full- 
scale representative of the reservoir, in comparison with core plug samples. 
The first aspect of the model is the assumption that the porous medium consists of two 
distinct parts: a damaged and an undamaged part, as depicted in Figure 5.1. This 
assumption is very close to reality, because recent investigations indicate that 
permeability damage is more likely to be severe near the wellbore (Kumar et al., 
1988, Ring et al., 1992, Leontaritis et al., 1994, Minssieux, 1997, Turta et al., 1997, 
Ali et al., 1998, Leontaritis, 1998, Ju et al., 2001, Moghadasi, 2003). In the case of a 
reservoir, particle deposition takes place in a region just several meters away from the 
wellbore, and the rest of the reservoir remains undamaged. Similarly, the length of the 
slim tube used in this study is quite high (18.288 m), and deposition is observed just 
in the first couple of meters of the injection point. 
Lt 
A 
Damaged length Undamaged length 
Fig. 5.1: Two different regions of porous medium considered in the modeling. 
Figure 5.1 is a schematic diagram of the porous medium, showing the two regions of 
damaged and undamaged permeability. As implied by the figure, two groups of 
properties are present, i. e. k; , 
ý;, and kd , 
ý. Subscript "i" denotes properties at initial 
conditions and also in the undamaged region, while subscript "d" (standing for 
damage) denotes damaged or altered permeability. "A" denotes the cross-sectional 
area of the slim tube, Ld is the damaged length, and Lt is the total length of the porous 
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medium. In case of the slim tube used in this study, Lt is 18.28 m (60 ft) and Ld ranges 
from 0.18 to 1.18 m. 
In practice, the concentration of precipitated asphaltene in crude oil is very low (in 
most cases below 1% by weight); so one can anticipate that the whole deposition 
takes place in the damaged length rather than the entire length of the porous medium. 
This reinforces the assumption of considering the porous medium as two parts. 
Flood tests are performed at constant flow rate and the measurable variable are the 
pressures at the inlet and outlet cross-sections of the porous medium. Since there is no 
information about intermediate pressures, the length and permeability of damaged 
zone must be modeled. Starting with Darcy's law: 
kA AP (5.1) 
µL 
and rearranging for the pressure drop term, OP, one obtains: 
OP = 
9µL (5.2) 
kA 
Pressure drop across the entire length of the porous medium is the sum of the pressure 
drops of the two zones, i. e., 
OP=LPI +OPZ (5.3) 
in which OPi and OP2 are pressure drop across damaged and undamaged length, 
respectively. Substituting Eq. (5.2) into (5.3), 
qµL, 
= 
q. La 
+ qµ(L, - 
Ld) (5.4) 
kaveA kdA k; A 
Eq. (5.4) can be simplified by omitting equal terms in both sides, as follows: 
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Lt Ld 
+ 
L, -Ld 
kave kd k; 
(5.5) 
Rearranging Eq. (5.5) to obtain the average permeability of the system, i. e., the 
permeability of the whole porous medium results in: 
kd k; L, (5.6) 
k 
ave - Ldk; +kd(Lt - Ld) 
The values of ki and L are known and kVe can be calculated by applying Darcy's law 
at any time, while the required flow parameters are known. Two unknowns Ld and kd 
will be obtained by simulation runs. It is necessary to note that Ld is constant for a 
particular test, while kd decreases as the number of pore volumes of injected fluid 
increases, i. e., kd decreases with time. 
5.2 Mathematical formulation 
The model is based on material balance equations applied to the suspended phase of 
asphaltene in crude oil. Considering an elemental volume of porous medium of length 
Ax, constant cross-sectional area A, and porosity 4 as shown in Figure 5.2, the 
material balance can be written as follows: 
Jrate of input of rate of output of 
_ 
Jrate of accumulation (5.7) 
asphaltene at xJ lasphaltene at x+ Ax of asphaltene 
ox x+ix 
i 
ý-AX-4 
Fig. 5.2: Schematic diagram of the porous medium element. 
Modeling and Simulation ofAAsphaltene Deposition 153 
Irate of input of 
_ 
(5.8) 
asphaltene at x= 
p1C'q 
1rate of output of aal (5.9 1asphaltene at 
x+ Ax 
= p°C, q + 
[p. 
C. q - DA 0 (paC, 4)J Ax 
) 
1rate of accumulation 
= AAx 
a (5.10) 1of 
asphaltene it 
(P°C°ý) 
where: 
A: cross-sectional area of the porous medium, m2 
C8: precipitated asphaltene concentration in the oil, volume/volume, 
D: diffusion coefficient of asphaltene in oil, m2/s 
q: flow rate, m3/s 
t: time, s 
x: space variable along the flow direction, m 
4: instantaneous porosity, 
pa: density of solid asphaltene, kg/m3. 
Substituting Eqs. (5.8) through (5.10) into Eq. (5.7), we have: 
[p. C. q - DA 6 (P. C. $)] Ax = -AA& (P. C. $) (5.11) 
cot 
Herzig et al. (1970) believe that particle diffusion is negligible when their size is 
larger than I µm; even for ultrafine particles, the barycentric flow is always the most 
significant; thus the diffusional term may be neglected. Herzig, Chang and Civan 
(1991), Sharma et al. (1997) and Wennberg et al. (1997) also stated that in the case of 
particle transport, the diffusion term is neglected. For this reason, the molecular 
diffusion of asphaltene is neglected in comparison with convective effects. Therefore, 
the diffusivity term on the left hand side of the Eq. (5.11) is omitted. Furthermore, 
asphaltene density is constant and experiments were carried out at constant flow rate 
(i. e., pa =constant, and q= constant). Finally Eq. (5.11) is simplified to: 
(5.12) 
qua+Aa (C. +) =0 
x Ft 
Modeling and Simulation ofAsphaltene Deposition 154 
or alternatively: 
q aCe + 
a(Ce4) 
A äx at 
Developing the second term of the above equation yields 
a(C, 4) ac., 
+Cc 
(5.14) 
at at 
C. 
at 
The deposited volume is negligible in comparison with the pore volume, thus the term 
is small and also Ca is small. For sake of simplicity, we can neglect the term 
C, 
4 in comparison with the term ýS', so ý is assumed to be constant and Eq. 
(5.13) is written as: 
qac, ac, _ 
(5.15) 
A ax 
+ý' at -o 
Again from materials balance, one obtains 
{volume of solids deposited) = -(change in pore volume) (5.16) 
or expressed mathematically 
VA(Ci -Co)=-Vb(+i 
in which C; and Co are inlet and outlet concentrations of asphaltene, respectively. 
Dividing both sides by At, one can write: 
DC, 04 (5.18) 
ý' 
At At 
or: 
ace ak ßs. 19) ý' at at 
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Substituting the value of 4; 
aal' 
from Eq. (5.19) into Eq. (5.15), one can write: 
q aua - 
aý 
-o A ax at 
(5.20) 
Many authors have published fundamental work on the kinetics of particle deposition 
in porous media (Herzig et al., 1970). One of the simplest approaches is that of 
Iwasaki (1937). His hypothesis is that the concentration of particles in suspensions 
decreases exponentially as a function of distance from the entry face, expressed as 
follows: 
ax 
(5.21) 
in which X is the filtration coefficient. Integrating Eq. (5.21) results in an exponential 
concentration profile, 
C. = Cie-` (5.22) 
Rewriting C. on the right hand side of Eq. (5.21) in terms of C; , 
aCa 
_ -ýC; e-, x 
(5.23) 
ax 
Substituting Eq. (5.23) in (5.20): 
Ä( 
, %C"e-'-` 
)- L=0 (5.24) 
cl t 
1Ä( XC. e-' ) dt=ýd+ 
(5.25) 
If the integration is performed on both sides, one can write: 
XCie-'"`V (5.26) 
A 
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in which Vt is the cumulative volume of fluid injected into the porous medium under 
study, which is equal to q"t. The equation above represents the porosity at point x at 
time t. However the porosity over the entire length x is required. Hence: 
_ 
Odx 
x 
(5.27) 
in which 
Rx, t) is the average porosity over the length x at time t. Substituting Eq. 
(5.26) into (5.27), 
fC2eVdx1 (5.28) 
O(X, t) = 4, +- xC; e_x Vtdx 
(5.29) 
Ax 
f 
The integral term on the right hand side of the above equation can be easily obtained 
using the method of change of variables. Since the value of porosity over the length of 
0 to x is desired, 
r_WCedx 
= C; V1e-x` ]x = C1V, 
[e-x` 
-1ý 
(5.30) 
Replacing the integral term in Eq. (5.29) with its equivalent value in Eq. (5.30) results 
in the final form of the mathematical model as follows: 
CiV [1-e-"x] (5.31) j(X, t) _ Oi -i 
Ax 
in which 
A: cross-sectional area, m2 
C;: initial concentration of asphaltene, vol. /vol. 
t: time variable, s 
Vt: cumulative volume of fluid injected, m3 
x: space variable, m 
+;: initial porosity, fraction 
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In Eq. (3.7), it is assumed that the nature and properties of the porous medium do not 
change appreciably as a result of particle invasion and deposition, that is, the 
concentration of solid particles must be so low that porosity and permeability do not 
undergo abrupt changes. To obtain the ratio of damaged permeability to initial 
permeability, Eq. (5.32) can be divided by (5.32) to give: 
k03 1-ý; 2 
k; o; 1-ý 
(5.33) 
It is important to note that the permeability reduction is not only related to the total 
amount of deposited particles, but is also sensitive to where deposition occurs, i. e., the 
fraction deposited in pore throat areas is more significant. Frequently, the Carman- 
Kozeny equation fails to represent the cases where the pore throats are plugged 
without significant porosity reduction. 
Chang and Civan (1997) proposed a simple power law relationship to express the 
change of permeability as a function of change in porosity, as follows: 
in 
k_0 
k; _Y 
(Oi (5.34) 
in which y is defined as a flow efficiency factor and m is a phenomenological 
constant. The flow efficiency factor, y, can be interpreted as a measure of the fraction 
of the open pore throats allowing fluid flow. Thus, when the pore throats are plugged, 
then y=0, and therefore k=0, even if 4*0. This phenomenon is referred to as the 
"gate or valve effect" of the pore throats (Chang et al., 1997, Ochi et al., 1998). The 
relation proposed by Chang and Civan seems to be more accurate for spherical, 
uniform glass beads, such as the porous medium of the present study, than that of 
Kozeny (1927). Also, it provides a good fit for experimental data obtained in flooding 
tests. In the present work it was found that the value of y is a strong function of the 
amount of precipitated asphaltene in the solution and ranges from 0.0035 to 0.2. The 
best agreement between experimental data and simulation results was obtained with 
m=4. Hence, the modified equation used in the present simulation is as follows: 
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kd 
k; 
(5.35) 
The porosity ratio term, is calculated from the amount of asphaltene precipitated 
in the pores over the damaged length. By definition, the porosity is the ratio of pore 
volume VP to bulk volume Vb, as: 
V P (5.36) 
The change in pore volume is equal to the volume of particles deposited, so the ratio 
of instantaneous porosity to initial porosity is: 
=1- 
a 
ý; VP 
(5.37) 
in which Q is the volume of particles deposited expressed in cm3 which equals gxtxC;. 
The porosity of the slim tube apparatus is 0.28 and its pore volume is 150 cm3, or 8.2 
cm3 per meter of the tube, i. e., Vp 8.2 x L11. Applying this to Eq. (5.37), one obtains: 
=1- 
a (5.38) 
ý; 8.2 x Ld 
Substituting Eq. (5.38) into (5.35), 
k° 
=y 1- 
a4 (5.39) 
k; 8.2 x L. 
The above equation is used to calculate permeability change and damaged length from 
experimental data. Filtration theory provided (Eq. 5.31): 
=1- 
C, V1 [1- e-x` ] 
Ax4, 
(5.40) 
If the value of porosity ratio from Eq. (5.40) is substituted in Eq. (5.35), the approach 
for calculating permeability from porosity will be developed as follows: 
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kd 
1-CiV, 
[1-e-''] 4 
0"" x": ý Ld 
(5.41) 
k; Axo; 
5.3.2 Determination of model parameters 
As previously stated, the flow efficiency factor y can be interpreted as the `valve 
effect" of the porous medium. For a completely plugged porous medium, the situation 
is analogous to a fully closed valve, expressed as 'y = 0. On the other hand, for a clean, 
undamaged porous medium, the situation is analogous to a fully opened valve, i. e., 'y =1. 
At the beginning of any flooding test, the system is clean, i. e., no obstruction and 
pore plugging exist in the porous medium. After a short while the fluid front passes 
the damaged length and the first stage of particle deposition takes place. Little by 
little, more particles deposit in pore throats causing some pores to plug. According to 
this analogy, for an initially clean system which undergoes particle deposition 'y 
follows a decreasing trend starting from 1, then stabilizes at a minimum value called'yf 
as shown in Figure 5.3. After curve fitting for 12 flooding experiments it was found 
that the flow efficiency factor obeys an exponential association model as follows: 
Y(t) = a(b - e-ct) (5.42) 
in which -Kt) is the value of flow efficiency factor at time t and a, b, and c depend on 
, yf and flow rate, which are constant for each particular test. 
Simple mathematical manipulation and substitutions are needed to obtain general 
equations for a, b, and c. At the beginning, t=0 and 'y(t) = 1, substituting in Eq. 
(5.42), one can write: 
1=a(b-e°)= =>a=b11 
(5.43) 
After injection of 1 to 1.1 pore volumes, the porous medium is saturated with fluid, 
i. e., the steady state condition is established, and 7(t) approaches to yf, so: 
at t- co yf= a(b -0) = yf =a. b (5.44) 
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Fig. 5.3: Typical variation of flow efficiency factor versus time (Test #1). 
Combining Eq. (5.43) and Eq. (5.44), one can obtain: 
a= yf -1 (5.45) 
b= If 
(5.46) 
Yr -1 
The value of constant c depends on the saturation time, i. e. the time required to inject 
1 pore volume. Expressed in terms of pore volumes of fluid injected: 
4.6 
c=- 
t 
(5.47) 
in which t* is the saturation time. t. is a function of flow rate and pore volume of the 
medium as follows: 
Modeling and Simulation of Asphaltene Deposition 162 
t"_VP 
q 
(5.48) 
The value 4.6 in the numerator of Eq. (5.47) is a constant obtained by curve-fitting 
and accordingly, t is expressed in minutes. As an example, in case of Test #1, 
ryf=0.185 and t =150 min; so a=-0.815, b= -0.227, and c=0.03067; and Eq. (5.42) 
can be written as follows: 
y(t) = -0.815 (-0.227 - e-0.03°67 `) (5.49) 
The flow efficiency factor changes significantly during the injection of the first pore 
volume of the fluid, so its variation must be also taken into consideration. Therefore, a 
special form of Eq. (5.41) is as follows: 
k 
_CiV 
[1-e-'"] 4 
ka _Yf 
1 
Ax4i 
0<x<I. d and t>t (5.50) 
In Section 5.1 it was assumed that all particles deposit in the so-called damaged length 
Ld. Practically, a few particles deposit in distances longer that Ld because the 
concentration of particles does not suddenly drop to zero at Ld. Focusing again on 
filtration theory as discussed in Section 5.2, the concentration profiles have an 
exponential decay over the length x, expressed mathematically as: 
Cm = Cie'' (5.22) 
Eq. 5.22 predicts the particle concentration profile as a function of distance from the 
injection/entry point. According to the above equation, it is obvious that C. does not 
reach zero unless the length of the system approaches infinity. For the sake of 
simplicity, one can define the length Ld such that about 99% of particles deposit over 
it. Consequently, Ld is defined as the distance from injection where C8=O. OIC;. 
Rearranging Eq. (5.22) to obtain X results in: 
In(c' ) 
x__ i (5.51) 
Since it was assumed that Ca=0.01 C; at x=Ld, Eq. (5.51) can be written as: 
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4_6 
Ld 
(5.52) 
Other investigators (Ring et al., 1992) have also proposed similar relationships 
between ?, and Ld in the form: 
a 
Ld 
in which "a" is a constant. 
5.3.3 Relationships between phenomenological parameters 
(5.53) 
According to the suggested mathematical model, there are two phenomenological 
parameters namely; damaged length (Ld) and flow efficiency factor (yf), which are 
constant for a particular test or experimental run. In the following, the factors 
influencing these phenomenological parameters are investigated. 
As shown in Figure 5.4, the flow efficiency factor yf has a strong, inverse relationship 
with concentration. This relationship is obvious since when the particle concentration 
increases, more pore throats will be plugged, so fewer paths are available to allow the 
fluid flow. Higher concentration results in pore throat plugging so that at already early 
stages of injection the permeability ratio drops to zero. 
Shown in Figures 5.5 and 5.6 are the values of flow efficiency factor for two mixtures 
of 40 and 50% n-heptane and oil at different flow rates and interstitial velocities, 
respectively. The flow efficiency factor shows a linear relationship with flow rate and 
interstitial velocity. This effect is probably due to compaction of filter cake formed by 
particles and thereby, formation of a medium with lower permeability. As previously 
mentioned, asphaltene particles are sticky and deformable. They can be packed and 
form very low-permeability filter cakes. At higher flow rates, interstitial velocity (and 
also particle velocity) increases, so interaction and collision of particles increases. As 
a result, some particles collide and form larger particles which plug pore throats more 
easily. 
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Damaged length, Ld, is defined as the part of porous medium which undergoes 
particle deposition. In the derivation of the proposed model, the assumption of 
constant damaged length was made for a particular deposition process. The effect of 
asphaltene concentration on the damaged length at a constant flow rate is shown in 
Figure 5.7. Higher concentration results in lower damaged length, because at higher 
concentrations, more pores are plugged and further particles cannot travel further in 
the direction of fluid flow; therefore less length is damaged by particle invasion and 
deposition. 
The dependency of damaged length on flow rate and interstitial velocity is depicted in 
Figures 5.8 and 5.9 for both series of tests carried out with 40 and 50% n-heptane/oil 
mixtures. For both series, Ld shows a second order polynomial trend with flow rate. 
For a specified asphaltene concentration, particles can travel longer distances at 
higher flow rates, therefore more length is subjected to damage. This conclusion does 
not imply that Ld tends to zero at very low flow rates. Nevertheless, the deposition 
phenomena are not fully understood and many variables and their effects are still open 
to question. 
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Fig. 5.4: Relationship between flow efficiency factor 7r and asphaltene concentration Cl. 
Modeling and Simulation of Asphaltene Deposition 165 
0.25 
0.2 
0.15 w 
0.1 
0 
a 
0.05 
0 
  40% n-C7 
A 50% n-C7 
0 10 20 30 40 50 60 70 80 90 100 
Flow rate (cm3/hr) 
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Fig. 5.6: Dependency of flow efficiency factor yf on interstitial velocity for mixtures of 40 and 
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Fig. 5.9: Effect of interstitial velocity on the damaged length for mixtures with 40 and 50% n-C7 
concentration. 
To investigate the effect of precipitated asphaltene mass flow rate on flow efficiency 
factor and damaged length, Figures 5.10 and 5.11 were constructed. A comparison 
between Figures 5.5 and 5.10 on the one hand, and Figures 5.8 and 5.11 on the other 
shows that the relationship between these two parameters (the flow efficiency factor and 
damaged length) and the precipitated asphaltene mass flow rate is similar to that of the 
relationship between the same two parameters and flow rate. 
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Fig. 5.10: Effect of asphaltene mass flow rate on flow efficiency factor for mhtures with 40 and 
50% n-C7 concentration. 
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5.3.4 Correlations for yf and Ld 
To find correlations for the prediction of -ff and Ld, data analysis and regression were 
performed for all sets of experimental data. Mathematical-statistical software (SPSS 
and Sigma Plot) was used for carrying out regressions and correlations. The following 
conclusions were reached: 
" yfis a strong function of the concentration, and 
" Ld is a function of both flow rate and concentration. 
From the results discussed in Section 5.3.3, one can realize that: 
1. yf has a maximum value of 1, which corresponds to a clean, undamaged porous 
medium, 
2. If has a strong, nonlinear relationship with C;, 
3. If has a very low but negative-slope linear trend with q, 
4. Ld has a relationship with Ci, 
5. Ld has a second order relationship with q. 
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Therefore, the preliminary forms of the functions yf and Ld were set up as follows: 
Ye(Ci, q)=1-l+a , -a3q 
(5.54) 
z1 
Ld(C;, q)=b, -b2C; +b3q 2 +b4q (5.55) 
Coefficients a, to a3 and bi to b4 can be found by curve-fitting. Non-linear regression 
and residual analysis performed by means of SPSS and Sigma Plot resulted in the 
following equations: 
_1- 
1282.6C" (5.56) 
yf (C'' q) 1+ 1085.4 C; - 
0.0005 q 
Ld(C;, q)=1.16-200.2C; +7.5x10-Sq2 -2.3x10-'q (5.57) 
Or in term of interstitial velocity: 
1282.6C. (5.58) 
yf(C;, u)=1- -6.16x10-3u 1+1085.4C1 
Ld(C;, u)=1.16-200.2C; +1.14x10-2 u2 -2.83x10-2u (5.59) 
For other systems with different cross-sectional area and porosity, Eqs. (5.58) and 
(5.59) are re-arranged as follows: 
1282.6C. 
yf(C;, q, A, ý)=1- -6.16x10-3(q) 
(5.60) 
1+ 1085.4 C; Aý 
Ld(C;, q, A, 4)=1.16-200.2C; +1.14x10-2(Aý)2 -2.83x10-Z(AG) (5.61) 
Tables 5.1 and 5.2 cover the experimental values of 'yf and Ld and those predicted by 
Eqs. (5.56) and (5.57), respectively. For most cases, differences in predicted data and 
experimental ones are small, so the general equations presented here can predict the 
parameters with satisfactory accuracy. 
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Table 5.1: Comparison of experimental and predicted values of y. 
Test No. 
Yr 
(experimental) 
Yr 
(predicted) Error, 
1 0.185 0.186772 -0.9578 
2 0.2 0.201772 -0.886 
3 0.065 0.076359 -17.4754 
4 0.0035 0.045719 -1206.2571 
5 0.18 0.171772 4.5711 
6 0.125 0.125103 -0.0824 
7 0.015 -0.00092 93.8667 
8 0.1 0.110103 -10.103 
9 0.085 0.065502 22.9388 
10 0.09 0.095103 -5.67 
11 0.2 0.209272 -4.636 
12 0.145 0.132603 8.5497 
Table 5.2: Comparison of experimental and predicted values of Ld. 
Test No. 
La(m) 
(experimental) 
La(m) 
(predicted) Error, 
1 0.96 0.929438 3.1835 
2 0.8 0.795938 0.5078 
3 0.54 0.544687 -0.868 
4 0.18 0.443786 -228.5478 
5 1.18 1.197938 -1.5202 
6 0.64 0.665608 -4.0013 
7 0.32 0.229572 28.2588 
8 0.74 0.799108 -7.9876 
9 0.7 0.511634 26.9094 
10 1.04 1.067608 -2.6546 
11 0.82 0.779813 4.9009 
12 0.6 0.649483 -8.2472 
5.3.5 Summary of the proposed model and equations 
The model proposed in this work is based on simple but fundamental aspects of fluid 
flow and reservoir engineering. It is well known that the permeability impairment is a 
function of the concentration, flow rate, nature of particles (material, size, etc. ) and 
nature of the porous medium (pore size distribution, initial porosity and permeability, 
etc. ). Among these, the effect of flow rate and concentration were studied in this 
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work. Therefore the proposed model is applicable to similar porous media and 
particles. 
Two different situations may be encountered when modelling or simulating a 
deposition process, with respect to the availability of experimental data. Case 1 
involves modelling based on a set of experimental data, while Case 2 is applicable 
when no experimental data are available. The input parameters and data for 
performing calculations are initial porosity 4i, initial permeability k;, initial 
concentration C;, flow rate q, and k/k; (if available). The objective is to calculate the 
average permeability of the system at any time t. A summary of equations needed is 
listed in Table 5.3. The procedure for both cases is as follows: 
Case 1 (Experimental data of k/14 are available): 
1. Calculate a from Equation (5.62). 
2. Assume a value for La . Note that 0< Ld <Lt. 
3. Calculate porosity ratio from Equation (5.37). 
4. Assume a value for yf . Note that 0< yf<1. 
5. Calculate ka from Equation (5.35). 
6. Calculate average permeability of the porous medium from equation (5.6). 
7. Compare theoretical values of k/k; with experimental ones. Repeat steps 2 
through 6 to find the values of yf and Ld which best fit the experimental values. 
8. When yf and Ld are found, calculate X from Equation (5.52). 
9. Calculate ka/k; for the damaged zone from Equation (5.50). 
10. Calculate average permeability of the whole system by use of Equation (5.6). 
Case 2 (Experimental data of k/k4 are/are not available): 
1. Use Equation (5.56) to find y'. 
2. Use Equation (5.57) to find Ld. 
3. Calculate k from Equation (5.52). 
4. Calculate kd/k; for damaged zone from Equation (5.50). 
5. Calculate average permeability of the whole system by use of Equation (5.6). 
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Calculation of k/k1 in the first pore volume interval: 
Darcy's law cannot be used to determine permeability when the porous medium is not 
saturated with the fluid, so there will be no experimental k/k; data for the first pore 
volume interval. To calculate k/k; for the first pore volume of fluid injected, the 
following procedure must be applied: 
1. Use Equation (5.56) to find yf. 
2. Use Equation (5.57) to find Ld. 
3. Calculate the coefficients of Equation (5.42) by use of Equations (5.45), (5.46), 
and (5.47). 
Table 53: Summary of equations needed for modelling and simulation. 
Equation Formulation Description/Comments 
No. 
5.62 a=q. t. C; Volume of injected 
aspbaltene. 
5.37 Cr Pore volume is calculated as 
VP Vp = A. I. d. tp;. 
5.35 4 k Permeability of damaged 
d=Y zone. 
k; O; 
5.6 kak.. Lc Average permeability of the 
_ kave porous medium. Ldk; +kd(Lt -Ld) 
5.52 4.6 Filtration coefficient 
Ld 
5.50 X4 V k C ý1- e- ] 
Theoretical permeability of 
º a= ; t>t Yr damaged zone. Note that 
ki Ax0, x=Lu 
5.56 1282.6 C; Fi value of flow efficiency 
Yf= 1- _ 0.0005 q 1+ 1085.4 C; 
5.57 Ld =1.16-200.2C1 + 7.5 x 10-5 qZ-2.3 x 10-' q 
Damaged length. 
5.42 Y= a(b - e-') 
Instan us flow efficiency 
actor. 
5.45 a= yf -1 Coefficient a in Eq. (5.42). 
5.46 If f 
Coefficient b in Eq. (5.42). 
b= = 
Yf -1 
5.47 4.6 Coefficient c in Eq. (5.42). 
c=- 
t 
5.41 V 1- e_ý,, ý 
4 kC ] Permeability of damaged , 
La 
1- " Y zone during first pore volume. 
k; Ax0; 
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4. Calculate y for each time interval from Equation (5.42). 
5. Use Equation (5.41) to find permeability impairment at any time within the 
first pore volume. 
6. Calculate average permeability of the whole system by use of Equation (5.6). 
5.4 Validation of the mathematical model 
The proposed model can be verified by comparison of experimental and simulated 
results. A Visual Basic code was written to solve the governing equations and fit the 
results to experimental data. Appendix B describes the structure and algorithm of the 
simulation program. Plots of permeability ratio versus pore volume (and also versus 
time) were generated in Microsoft Excel spreadsheets by means of the results of the 
simulator runs. Values of flow efficiency factor, damaged length, and filtration 
coefficient are obtained for each test. 
Figures 5.12 through 5.23 represent the graphs of both experimental and theoretical 
k/k; values versus time and pore volume. Table 5.4 covers the summary of simulation 
results for Test #1 through Test # 12. 
Table 5.4: Summary of test specifications and results. 
Test 
No. 
Concentration 
of n-C7 (%) 
Flow rate 
(cm3/hr) 
Temperature 
(°C) Tf 
Ld 
(m) 
1 40 60 90 0.185 0.96 
2 40 30 90 0.2 0.8 
3 60 30 90 0.065 0.54 
4 80 30 90 0.0035 0.18 
5 40 90 90 0.18 1.18 
6 50 30 90 0.125 0.64 
7 50 30 30 0.015 0.32 
8 50 60 90 0.1 0.74 
9 50 30 60 0.085 0.7 
10 50 90 90 0.09 1.04 
11 40 15 90 0.2 0.82 
12 50 15 90 0.145 0.6 
13 0 (fresh oil) 30 90 - - 
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Fig. 5.13: Comparison of experimental data and simulated results for Test #2. 
Modeling and Simulation of Asphaltene Deposition 175 
t 
0.9 
0.8 
" Experimental values 
Simulated results 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 1 
0 
0 200 400 600 800 1000 1200 
Time (min) 
Fig. 5.14: Comparison of experimental data and simulated results for Test #3. 
I 
" Experimental values 
Simulated results 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
o 200 400 600 800 1000 
Time (min) 
1200 
Fig. 5.15: Comparison of experimental data and simulated results for Test #4. 
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Fig. 5.16: Comparison of experimental data and simulated results for Test #5. 
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Fig. 5.17: Comparison of experimental data and simulated results for Test #6. 
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Fig. 5.18: Comparison of experimental data and simulated results for Test #7. 
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Fig. 5.19: Comparison of experimental data and simulated results for Test #8. 
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Fig. 5.21: Comparison of experimental data and simulated results for Test #10. 
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Fig. 5.22: Comparison of experimental data and simulated results for Test #11. 
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Fig. 5.23: Comparison of experimental data and simulated results for Test #12. 
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5.5 Sample calculations 
In the following, a sample calculation is presented to outline the step-by-step 
procedure for obtaining the unknown parameters and permeability data of the 
experimental tests. As an example, experimental data and input parameters of Test #1 
are used. In Table 5.5 basic parameters of Test #1 are listed, including flow 
parameters and those obtained by simulation runs. 
Table 5.5: Basic parameters of Test N. 
Parameter Symbol Quantity 
Flow rate, cm3/hr q 60 
Concentration of n-heptane in the mixture, % - 40 
Asphaltene concentration in the mixture, vol. /vol. C, 0.001811 
Mixture density, g/cm3 pm 0.8736 
Asphaltene density, g/cm3 p, 1.1 
Mixture viscosity, cP µ 1.1 
Total length of porous medium, cm L, 1828.8 
Cross-sectional area of porous medium, cm2 A 0.30 
Temperature, °C T 90 
Damaged length, m Ld 0.96 
Flow efficiency factor Yf 0.185 
Filtration coefficient, m' x 4.79 
Table 5.6 covers the simulation results of this test, as explained below: 
I. Columns 1 and 2 of Table 5.6 include pressure drops measured at time intervals of 
10 minutes. From pressure drop data, experimental values of permeability ratio are 
obtained. From Darcy's law: 
kA AP (5.1) 
q 
µL 
with A=0.30 cm2 and L= 1828.8 cm, 
k_ 171.58qµ 
(5.63) 
OP 
In Eq. 5.63, k is expressed in darcy, and AP is in kPa. For this test, µ=1.1 cP, q= 60 
cm3/hr and OP's are listed in Column 2. With calculations for each time interval, 
experimental permeability ratios, k/k;, are obtained as shown in Column 3. 
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II. Column 4: In this step, the amount of asphaltene deposited in the porous medium, 
a, is calculated at any time as follows: 
a=qC; t (5.62) 
in which a is the volume of asphaltene injected into the porous medium, expressed in 
3 cm. 
Ill. Column 5: From filtration theory, the proposed model developed in Section 5.3.1 
was as follows: 
=1- 
C, Vt [1- e-" ] 
ý; Ax$; 
(5.40) 
Eq. (5.40) gives the ratio of instantaneous porosity to initial porosity at time t. From 
simulation runs, Ld = 0.96 m, so according to Eq. (5.52) X=4.79. C; is the ratio of 
asphaltene volume to mixture volume which was calculated to be 0.001811. The 
values of obtained from the above equation are listed in Column 5. 
IV. Column 6: The permeability of the damaged zone is calculated by Eq. (5.35) as 
follows: 
ka 
kd-Yf 
(Oi (5.35) 
From simulation runs yf = 0.185 and 4/+; is available in Column 5 of Table 5.6, so the 
damaged permeability Li can be obtained at any time as listed in Column 6. 
V. Column 7: In the previous step, the permeability of the damaged zone was 
calculated, while the interest is in the average permeability of the system, in order to 
compare with the experimental data. So the averaging method developed in Section 
5.1 is used as follows: 
_ 
kdkiLt (5.6) 
k`ý` 
Laki +kd(LI -La) 
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Table 5.6: Results of sample calculations performed for Test #1. 
Time 
min 
p 
(kPa) 
k/14 
s erimenta 
a 
cm 
+/ 01 kd 
m2 
Wiy 
theoretical 
Error 
150 2584.04 0.87648 0.271651 0.968272 8.28359E-13 0.79352 9.465 
160 2735.63 0.827909 0.289761 0.966157 8.11303E-13 0.7894 4.651 
170 2859.67 0.792 0.307871 0.964041 7.96882E-13 0.78582 0.781 
180 2928.57 0.773365 0.325981 0.961926 7.84397E-13 0.78264 -1.199 
190 2963.03 0.764372 0.344091 0.959811 7.73336E-13 0.77975 -2.012 
200 2997.48 0.755586 0.362201 0.957696 7.63327E-13 0.77709 -2.846 
210 2997.48 0.755586 0.380311 0.955581 7.54101E-13 0.77459 -2.516 
220 2997.48 0.755586 0.398421 0.953465 7.45458E-13 0.77221 -2.2 
230 2990.59 0.757327 0.416531 0.95135 7.37255E-13 0.76991 -1.662 
240 3004.37 0.753853 0.434641 0.949235 7.29386E-13 0.76767 -1.833 
250 3011.26 0.752128 0.452751 0.94712 7.21774E-13 0.76547 -1.774 
260 3018.15 0.750411 0.470861 0.945005 7.14364E-13 0.7633 -1.717 
270 2997.48 0.755586 0.488971 0.942889 7.07115E-13 0.76114 -0.735 
280 2990.59 0.757327 0.507081 0.940774 6.99996E-13 0.75898 -0.219 
290 3004.37 0.753853 0.525191 0.938659 6.92986E-13 0.75683 -0.395 
300 3025.04 0.748702 0.543301 0.936544 6.86069E-13 0.75468 -0.799 
310 3018.15 0.750411 0.561411 0.934429 6.79233E-13 0.75252 -0.282 
320 3038.83 0.745306 0.579521 0.932313 6.72469E-13 0.75036 -0.678 
330 3045.72 0.74362 0.597631 0.930198 6.65771E-13 0.74818 -0.614 
340 3038.83 0.745306 0.615741 0.928083 6.59135E-13 0.746 -0.093 
350 3052.61 0.741941 0.633851 0.925968 6.52557E-13 0.7438 -0.25 
360 3066.39 0.738607 0.651961 0.923853 6.46034E-13 0.74159 -0.404 
370 3073.28 0.736951 0.670071 0.921737 6.39565E-13 0.73936 -0.327 
380 3093.95 0.732027 0.688181 0.919622 6.33147E-13 0.73713 -0.697 
390 3100.84 0.7304 0.706291 0.917507 6.26781E-13 0.73488 -0.613 
400 3107.74 0.72878 0.724401 0.915392 6.20464E-13 0.73261 -0.525 
410 3100.84 0.7304 0.742511 0.913276 6.14196E-13 0.73033 0.01 
420 3107.74 0.72878 0.760622 0.911161 6.07977E-13 0.72804 0.102 
430 3128.41 0.723965 0.778732 0.909046 6.01805E-13 0.72573 -0.244 
440 3135.3 0.722374 0.796842 0.906931 5.95681E-13 0.72341 -0.143 
450 3142.19 0.720789 0.814952 0.904816 5.89605E-13 0.72107 -0.039 
460 3155.97 0.717642 0.833062 0.9027 5.83575E-13 0.71872 -0.15 
470 3162.86 0.716078 0.851172 0.900585 5.77592E-13 0.71635 -0.038 
480 3162.86 0.716078 0.869282 0.89847 5.71655E-13 0.71397 0.295 
490 3176.64 0.712972 0.887392 0.896355 5.65764E-13 0.71157 0.197 
500 3183.53 0.711429 0.905502 0.89424 5.59919E-13 0.70916 0.319 
510 3190.42 0.709892 0.923612 0.892124 5.54119E-13 0.70673 0.445 
520 3190.42 0.709892 0.941722 0.890009 5.48365E-13 0.70429 0.789 
530 3197.31 0.708362 0.959832 0.887894 5.42655E-13 0.70183 0.922 
540 3217.98 0.703812 0.977942 0.885779 5.3699E-13 0.69936 0.632 
550 3224.88 0.702308 0.996052 0.883664 5.3137E-13 0.69687 0.774 
560 3217.98 0.703812 1.014162 0.881548 5.25794E-13 0.69437 1.341 
570 3278.17 0.69089 1.032272 0.879433 5.20262E-13 0.69186 -0.14 
580 3267.3 0.693189 1.050382 0.877318 5.14774E-13 0.68932 0.558 
590 3296.73 0.687 1.068492 0.875203 5.09329E-13 0.68678 0.032 
600 3311.19 0.684 1.086602 0.873088 5.03927E-13 0.68422 -0.032 
Modeling and Simulation of Asphaltene Deposition 183 
The total length of the slim tube L is 18.288 m (60 ft), lcd is available from the 
previous step. Dividing average permeability by initial permeability (k; =5 darcies or 
4.93x 10"12 m2), one can obtain the correlated ratios of permeability as listed in Column 7. 
VI. Column 8: Finally, a comparison is made between experimental data and 
theoretical results. As shown in Column 8, the difference between experimental data 
and calculated data is quite small. This fact supports the approach of calculation and 
the validity of the proposed model. The error for each set of experimental and 
calculated permeability data is calculated as follows: 
Error(%) = 
(klki)"v«; 
nna, - 
(k/ki ), 
a"rcn, 4, X100 
(5.64) 
(klki)exp 
e, nai 
5.6 Identification of the mechanisms of asphaltene deposition 
Four different mechanisms of deposition were introduced in Section 2.6 of this thesis 
as follows: 
1. Surface deposition of particles 
2. Pore throat bridging 
3. Internal cake formation 
4. External cake formation 
As indicated already in the preceding sections, the particles of precipitated asphaltene 
deposit only in the damaged zone. For this reason, investigation of permeability and 
porosity reduction in this zone is crucial for identifying the dominant deposition 
mechanism. Table 5.7 shows the amount of permeability and porosity reductions for 
each test after injecting 1 and 4 pore volumes of fluid into the porous medium. Data 
has been obtained from Appendix C. 
Table 5.7 shows that among all the tests that were carried out in this work, the 
maximum kd/k; at PV =1, is about 0.17 (see Test No. 2). In other words, the minimum 
permeability reduction is about 83% of the initial permeability of the porous medium 
under study. This implies that the surface deposition mechanism is not the dominant 
one, since no or little permeability reduction is expected from this mechanism. 
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Table 5.7: Amount of permeability and porosity reductions in damaged zone. 
Test No. % n-C7 T, °C 
Asphaltene 
concentration, 
vol. /vol. 
kd/kj 
(@PV=1) 
kd/kj 
(@PV=4) 
0/ $ 
(@PV=1) (@PV=4) 
1 40 90 0.001811 0.162615 0.107499 0.968272 0.873088 
2 40 90 0.001811 0.17083 0.105775 0.961355 0.852782 
3 60 90 0.003066 0.04262 0.008392 0.899858 0.599433 
4 80 90 0.00357 0.000633 0.00015* 0.652256 0.4552* 
5 40 90 0.001811 0.162448 0.117419 0.974676 0.898704 
6 50 90 0.002462 0.09463 0.035716 0.93278 0.73112 
7 50 30 0.00464 0.003828 0.000792* 0.710741 . 479334 
8 50 90 0.002462 0.079546 0.03656 0.944398 0.777593 
9 50 60 0.003231 0.060039 0.016825 0.916754 0.667015 
10 50 90 0.002462 0.075524 0.04239 0.957108 0.82843 
11 40 90 0.001811 0.169678 0.107685 0.95973 0.856606 
12 50 90 0.002462 0.108261 0.039587 0.929597 0.722846 
* For safety considerations, tests 4 and 7 were completed betöre injecting 4 pore volumes of fluid. 
It is important to note that the normal hydrodynamic forces can easily impact the 
sticky particles of the precipitated asphaltene on to the upstream side of the grains. 
Hence, this mechanism could have been involved during the early stages of the 
experiments over a long distance of the porous medium but was not a significant 
contributor to permeability impairment. 
The highest reductions in the original porosity of the porous medium are observed for 
Tests No. 4 and 7 (at the end of experiments). Tests No. 4 and 7 whose kd/k; are 
0.00015 and 0.000792, respectively, where complete plugging is reached before 
injecting 4 pore volumes of fluid into the porous medium. The porosity reductions for 
these two tests are about 54% and 52%, respectively. As indicated already in Section 
2.6, the mechanism of external cake formation is reached when all pore bodies of the 
porous medium (in the damaged zone) are filled with the particles of precipitated 
asphaltene in such a way that particles accumulate upstream from the inlet of the 
porous medium. This means 100% reduction in the original porosity of the porous 
medium. For these reasons, one can conclude that the mechanism of external cake 
formation was not involved in any of the experiments, even in the experiments that 
reached complete plugging. 
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All the experiments presented in Table 5.7 can be classified into three categories 
based on the concentration of the precipitated asphaltene in each mixture, as follows: 
1. The minimum reduction in the original permeability and original porosity of 
the porous medium belong to the mixtures with dilution volume ratio of 2/3 
(40% n-heptane concentration) at system temperature of 90 °C (Tests No. 1,2, 
5, and 11). The concentration of the precipitated asphaltene for these mixtures 
is about 0.0018 (vol. /vol. ). During these experiments about 83% of the initial 
permeability was reduced for approximately 4% reduction in original porosity. 
It is believed that the mechanism of pore throat bridging is the dominant 
mechanism of deposition for such mixtures. It is important to note that if such 
an experiment is continued, it leads to internal cake formation and finally 
complete plugging. The time at which the complete plugging is reached varies 
depending on the injecting rate of fluid into the porous medium and can be 
calculated using the mathematical model provided in this work (see Section 
5.3). 
2. Mixtures with dilution volume ratio of 1 (50% n-heptane concentration) and 
system temperature of 90 °C have asphaltene concentration of approximately 
0.0025 (vol. /vol. ). For these tests (No. 6,8,10, and 12) a permeability 
reduction about 96% of the initial permeability is observed for a porosity 
reduction between 17% to 28%. It is believed that, during these experiments 
the internal cake formation was present but not extensive. If such experiments 
are continued they, lead to severe internal cake formation and finally complete 
plugging. 
3. Mixtures with dilution volume ratios of 3/2 and 4 (60% and 80% n-heptane 
concentrations, respectively) at temperature of 90 °C (Tests No. 3 and 4) and 
those with dilution volume ratio of 1 (50% n-heptane concentration) and 
system temperatures of 30 °C and 60 °C (Tests No. 7 and 9) have asphaltene 
concentrations more than 0.0030 (vol. /vol. ). Tests No. 4 and 7 were reached 
complete plugging before injecting 4 pore volumes of fluid. For Test No. 3 
more than 0.99% of the initial permeability was lost for about 40% reduction 
in the original porosity after injecting 4 pore volumes of fluid. The 
permeability and porosity reductions for Test No. 9 were 98% and 33% 
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respectively. It is believed that the dominant deposition mechanism for such 
mixtures, are sever internal cake formation. In most cases it may be led to 
complete plugging soon depending on the concentration of precipitated 
asphaltene in the mixture. 
5.7 Comparison of other models with experimental data 
In this section, an attempt was made to use some of the mathematical models 
described previously in Section 2.7 of this thesis for comparison with the 
experimental data. The experimental data of Tests No. 1,3, and 6 from Table 5.4 were 
employed in this regard. 
5.7.1 Comparison of Pang and Sharma (1977) model with experimental data 
The experimental data have been re-plotted as the inverse of dimensionless 
permeability decrease (k; /k) vs. pore volumes of fluid injected. The results are shown 
in Figures 5.24 to 5.26. Figure 5.24 shows a good match between experimental data 
and type 3 curve defined in Section 2.7. It is an indication that pore filling is the 
dominant mechanism. Figure 5.25 indicates a good match between experimental data 
and type 4 curve which reveals that several filtration mechanisms operate 
simultaneously. Accordingly, both plugging mechanisms, pore filling and pore throat 
blocking, may be involved during different stages of filtration. Figure 5.26 shows an 
acceptable match between experimental and type 2 curve. 
According to definition, type 2 curve is representative of the compressible external 
filter cake or internal filter cake mechanisms. Since the concentration of precipitated 
asphaltene for this test is 0.976% (by weight), which is not so high, it seems that the 
dominant filtration mechanism is pore throat blocking leading to internal filter cake 
formation. It is important to note that the concentrations of precipitated asphaltenes 
for mixtures with 40%, 50%, 60% and 80% n-C7 concentration at 90 °C are 0.38%, 
0.62%, 0.976% and 2.25% (by weight), respectively. Comparison of these four figures 
shows that the concentration of precipitated asphaltene for mixtures of 50% n-C7 is 
nearly equal to the average concentration of two mixtures with 40% and 60% n-C7 
concentration. For this reason, the results obtained in Figure 5.25 may be acceptable. 
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Fig. 5.24: Comparison of Pang and Sharma model and experimental data for Test No. 1. 
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Fig. 5.25: Comparison of Pang and Sharma model and experimental data for Test No. 6. 
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Fig. 5.26: Comparison of Pang and Sharma model and experimental data for Test No. 3. 
5.7.2 Comparison of Minssieux (1997) model with experimental data 
The experimental data were re-plotted as three individual curves of k; /k, k/k; and 
k/k; vs. pore volume of fluid injected. The results are shown in Figures 5.27 to 5.29. 
As can be observed in Figures 5.27 to 5.29, the data of k/k; vs. pore volume yield 
more or less a straight line, indicating that the damage mechanism is the gradual 
surface deposition. According to definition, surface deposition alone results in very 
minimal damage while considerable permeability damage had occurred for each test. 
As can be seen in Figure 5.29, permeability damage is very severe such that the 
permeability reduction (k/k; ) is about 0.5 just after 1 pore volume of fluid injected. 
For this reason, surface deposition cannot be the dominant filtration mechanism 
although an acceptable match was obtained between experimental data and model. 
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Fig. 5.29: Comparison of Minssieux model and experimental data for Test No. 3. 
5.7.3 Comparison of Ring et al. (1992) model with experimental data 
The experimental data were re-plotted as the permeability decline (k/k; ) vs. pore 
volumes of fluid injected for the tests under consideration. The data necessary to 
simulate the experiments were generated by using different values for the deposition 
coefficient, k, of the deposition model (Eq. 2.44) and for the phenomenological 
constant, m, of the permeability reduction model (Eq. 2.45). The best values for X and 
m were determined by matching the simulated data with the experimental data. The 
results are shown in Figures 5.30 to 5.32. 
As pointed out in Section 5.1, it is believed that approximately all precipitated 
asphaltenes deposit in the vicinity of the injection point rather than in the entire 
porous medium (Figure 5.1). This is the cornerstone in the modelling of asphaltene 
deposition in the reservoir or in a long porous medium. Since the models of Pang and 
Sharma (1977) and Minssieux (1997) do not consider this aspect, the results obtained 
by such models are not reliable. Although the Ring et al. (1992) model considers the 
above feature, it does not include a flow efficiency factor and for this reason, no good 
match was achieved. 
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Fig. 5.31: Comparison of Ring et al. model and experimental data for Test No. 6. 
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Fig. 532: Comparison of Ring et al. model and experimental data for Test No. 3. 
5.8 Development of a scaling equation 
The amount of deposited asphaltene in a porous medium is a crucial factor for 
determining the degree of permeability impairment for this medium and no simulation 
study can be performed successfully without knowing its value precisely. For this 
reason, an asphaltene precipitation model was developed and verified by experimental 
data. This model is a modification of the one introduced by Feng and Hu (2001), 
which was discussed in Section 2.2.5 of this thesis. New variables X and Y are 
defined as follows: 
R, (5.65) 
Xn = M°. 25T0.4 
W (5.66) 
o. a 
Y» - (M R, ) 
with: 
M: molecular weight of the solvent, 
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R : volumetric ratio of n-alkane to oil in the mixture, 
T: temperature, °C, and 
w: weight percent of precipitable asphaltene. 
The present experimental data were used to test the capability of the model to predict 
the amount of asphaltene precipitated. A plot of Y versus X results in a single curve 
that collapses all data as depicted in Figure 5.33. The following third-order 
polynomial is a good fit of this curve. 
Yn =-20.656X' +121.99X2 +100.42X -1.6162 (5.67) 
The equation above was used to predict the amount of asphaltene precipitation at 
different temperatures and dilution ratios R,. The comparison of experimental data 
with those predicted by this scaling equation shows a good agreement as concluded 
from Table 5.8. 
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Fig. 5.33: Collapse of the asphaltene precipitation data measured at different temperatures and 
dilution volume ratios onto a single scaling curve. 
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Table 5.8: Comparison of experimental data with those predicted by scaling equation. 
RR T, °C 
wt% 
(experimental) 
wt% 
(calculated) Error, % 
0.67 30 0.75 0.781124 -4.14989 
1 30 1.1 1.160478 -4.310348 
1.5 30 1.7 1.667359 1.920069 
4 30 4 3.924175 1.895625 
5 30 4.8 4.812887 -0.26849 
7 30 6.6 6.619706 -0.29857 
0.67 50 0.6 0.571273 4.78784 
1 50 0.98 0.879984 10.20572 
1.5 50 1.35 1.283667 4.913586 
4 50 2.98 3.013183 -1.11353 
5 50 3.61 3.678207 -1.8894 
7 50 5.07 5.018595 1.013899 
0.67 70 0.5 0.456641 8.671786 
1 70 0.75 0.727805 2.959364 
1.5 70 1 1.07735 -7.73496 
4 70 2.51 2.536875 -1.07071 
5 70 3.07 3.088685 -0.60865 
7 70 4.2 4.193185 0.162273 
Conclusions and Recommendations for Future Work 195 
Chapter 6 
Conclusions and Recommendations for Future Work 
The present Ph. D. study has been done with the aim to improve the understanding of 
the mechanisms of asphaltene deposition in porous media and involved investigations 
of the parameters affecting the amount of asphaltene precipitation, the permeability 
impairment due to asphaltene deposition and the reversibility of asphaltene 
deposition. A model has been developed for predicting the permeability impairment 
due to asphaltene deposition in porous media, utilizing the deep bed filtration theory. 
The results of the experimental work and the development of the model have been 
presented in Chapters 4 and 5 respectively. The conclusions and recommendations for 
future work are given in this chapter. 
6.1 Conclusions 
The current research has been successful in achieving several important points as 
follows: 
1. For the investigated crude oil, the amount of precipitated asphaltene increases 
with dilution ratio "R,, " up to 14, and remains constant for higher values of R. 
2. The amount of precipitated asphaltene decreases as the molecular weight of n- 
alkane (precipitant) increases. 
3. An increase in system temperature results in a decrease of asphaltene 
precipitation. Generally, temperature has an inverse effect on asphaltene 
precipitation. 
4. The contact time between precipitant and oil has an insignificant effect on the 
amount of asphaltene precipitation. The precipitated asphaltene reaches its 
maximum value almost immediately after contact between oil and precipitant. 
Longer contact times have no effect on the mechanism of precipitation. 
5. The pH value of a mixture of oil and an asphaltene precipitant has a significant 
effect on the amount of asphaltene precipitation. The effect is such that the 
amount of precipitated asphaltene decreases when the mixture approaches the 
neutral conditions, i. e., pH =7 at which the amount of asphaltene precipitated 
is minimum. 
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6. The solid particles of precipitated asphaltene fall in the size range of 1 µm - 
4µm for each mixture, regardless of n-heptane (precipitant) concentration. 
7. Asphaltene solid samples were analyzed using a high resolution Scanning 
Electron Microscope (SEM) and a polarizing optical microscope. The size 
distribution of loose aggregates produced by gentle swirling 
action in the preparing of the optical microscope samples are observed to be in 
the size range (1µm - 4µm). The conditions for precipitation as defined in the 
flooding experiments appear to give rise to similar or smaller size aggregates. 
8. The mixtures of oil and asphaltene precipitant are Newtonian fluids for any 
concentration. For this reason, Darcy's law is applicable for determination of 
the permeability of the porous medium under study. 
9. The experimental results show that permeability decline is dependent on 
operational parameters such as the amount of asphaltene precipitated in the 
mixture, the injection flow rate and the system temperature. 
10. The concentration of precipitated asphaltene in the injecting mixtures has the 
most important effect on the permeability reduction, i. e. higher concentration 
results in more permeability reduction. When fresh oil was injected into the 
porous medium no change in injection pressure was observed and pressure 
remained constant during the experiment. Hence, fresh oil does not deposit 
such precipitates. 
11. The severity of permeability reduction increases with decreasing system 
temperature due to the effect of temperature on asphaltene solubility. 
12. Increasing the injection rate into the porous medium leads to more reduction 
of its permeability. The effect of injection rate on permeability impairment is 
weaker than that of system temperature. 
13. Among the different factors affecting the reduction of permeability the 
concentration of precipitated asphaltene in the working fluid is the most 
effective. 
14. In all flooding experiments performed in this study, no precipitated 
asphaltenes were detected in the effluents. This clearly shows that all 
precipitated asphaltenes have been deposited in the porous medium. 
Asphaltene particles are highly deformable and sticky, and cannot be removed 
by the movement of the bulk liquid flow. Therefore, the mechanism of particle 
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entrainment or removal is not involved - or at least significant - in the present 
tests. 
15. The proposed mathematical model is based on the assumption that the porous 
medium is divided into two sections of damaged and undamaged 
permeabilities. According to the results of this work and the observations of 
numerous investigators, the permeability impairment due to the deposition of 
asphaltene particles takes place over a relatively short length from the entrance 
rather than over the entire length of the porous medium. Most of the solid 
asphaltene particles do not travel far and are captured near the entrance. 
16. The length of the damaged zone increases with flow rate. However, the flow 
rate does not affect the extent of damage length profoundly. 
17. The simulated results obtained from the suggested model agree well with the 
experimental data from all flooding tests. Hence, the proposed model should 
be applicable to similar situations of particle invasion/deposition. 
18. Surface deposition mechanism may have been in effect during the early stages 
of the flooding experiments over a long distance of the porous medium but is 
not a significant contributor to permeability impairment. This confirms the 
conclusions of other researchers in literature. 
19. The mechanism of external cake formation is also not believed to be effective 
in any of the flooding experiments performed in this study, even in the 
experiments that reached complete plugging due to primarily pore throat 
bridging. 
20. In the present experiments, it is believed that the mechanism of pore throat 
bridging is the dominant mechanism of deposition for mixtures with dilution 
volume ratio of 2/3 at system temperature of 90 °C. 
21. In the flooding experiments performed using mixtures with dilution volume 
ratio of 1 and system temperature of 90 °C the internal cake formation was 
also present but not extensively. It is believed that if such experiments were 
continued, they could have led to some internal cake formation resulting in 
complete plugging. 
22. The dominant deposition mechanism for mixtures with dilution volume ratios 
of 3/2 and 4 at 90 °C and those with dilution volume ratio of 1 and system 
temperatures of 30 °C and 60 °C was found to be severe and extensive internal 
cake formation. 
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23. For the crude oil under study, the complete reversibility of asphaltene 
precipitation was observed in several tests with both composition and 
temperature as variable parameters. 
24. Injection of fresh oil (i. e. undiluted by n-heptane) into the porous medium and 
soaking is one feasible method to remove the precipitates as this results in 
efficient dissolution of the deposited precipitates. 
6.2 Recommendations for future work 
Recommendations for future work are as follows: 
1. In oil field operations, the injection pressure usually encounters some 
limitations dictated by the formation pressure. The injection pressure should 
be at least a little higher than the formation pressure to allow the injected fluid 
to enter the formation and must be less than the fracturing formation pressure 
at which the formation would break down. For this reason, further expansion 
of this work may include conversion of the linear model to a radial geometry, 
utilizing a constant pressure injection rather than a constant rate of flow as 
used in the present experiments. 
2. It is believed that the properties of the porous medium have significant effects 
on the phenomenon of asphaltene deposition. Among them, pore size 
distribution, wettability and permeability of the porous medium are more 
important than others. Experimental investigations concerning the effect of 
these crucial factors on asphaltene deposition are strongly recommended. 
3. Experimental investigation of asphaltene deposition due to miscible and/or 
immiscible injection in a fractured porous medium is strongly recommended. 
4. The present model could be applied for investigation of permeability 
impairment due to polymer injection in porous media. 
5. The theoretical and experimental investigations undertaken in this work have 
contributed substantial data and several findings in the area of permeability 
reduction resulting from asphaltene deposition. The results obtained from this 
work need to be compared with field data in order to extend the use and 
significance of the research. 
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6. Flow visualization experiments are recommended in high pressure 
heterogeneous micromodels. The mechanisms of asphaltene deposition could 
be studied under miscible and immiscible displacement. 
7. Despite the fact that the present experiments showed that the process of 
asphaltene precipitation is reversible, more experiments with different crude 
oils are required to generate a complete and reliable data-base for addressing 
the question of reversibility. SARA separation is also recommended for the 
crude oils under study along with the reversibility tests. 
8. Development of a thermodynamic solubility model is recommended to predict 
the onset of asphaltene precipitation under wellbore conditions during primary 
production. 
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Appendix A 
Physical properties of oil and different mixtures 
The physical properties of the crude oil under study are presented below along with 
the properties of different mixtures of crude oil and n-heptane. 
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Fig. A-1: Density of fresh oil and mixtures at different temperatures. 
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Fig. A-2: Viscosity of mixtures at atmospheric pressure and different temperatures. 
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Fig. A-3: Viscosity of fresh oil at atmospheric pressure and different temperatures. 
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Appendix B 
Simulator Specifications 
In order to solve the governing equations of the proposed model, a simulator was 
developed and experimental data were added to its database. The procedure and 
routines followed in the design and programming of the simulator are based on 
assigning a value to the damaged length L d, and then performing calculations to 
obtain theoretical values of damaged permeability. The calculations are repeated for a 
series of L, d's to find a value that best fits the calculated results. As listed in Table B-1, 
the simulator's input parameters are experimental data of permeability variation, the 
amount of precipitated asphaltene of the mixture under study, geometry of the porous 
medium, and flow properties. The output of the simulator runs include values of 
damaged length, filtration coefficient, and theoretical permeability damage. 
Table B-1: Input parameters of the simulator. 
Variable Unit Notation Notation in 
the program code 
Flow rate cm /hr frate 
Mixture density g/cm mixden 
Inlet as halten concentration - C; as in 
Outlet asphaltene concentration - Co as out 
Asphaltene density g/cm P. asden 
Initial permeability m k; ki 
Initial porosity % 44 phii 
Experimental permeability ratio - ; ex kk intI 
Table B-2: Output parameters of the simulator. 
Variable Unit Notation Notation in 
the program code 
Damaged length m L, d damagedL 
Flow efficiency factor - f gamma 
Filtration coefficient M -I lambda 
Theoretical ermeabili ratio - ; d. calkk[intI] 
Damaged permeability m kd kd 
B-1 Program structure 
The algorithm of the developed simulator is depicted in the following flowchart. 
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Start 
Read exp. data from data base 
(k/k,, q, Ci, Co, pa, p. 4i, kt) 
Ask user to "Enter flow 
efficiency factor (y). " 
Let Ld=O. 1 m. 
Calculate a from Eq. (5.63) 
Calculate 4/4; from Eq. (5.38) 
Calculate k/k; from Eq. (5.36) 
Calculate Error(intI) from Eq. (5.65) 
Store Error(intI). 
No 
Is Ld> 18? I, d=L, d+0.05 
Yes 
Go to the 
next page. 
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Continued from the previous page. 
Sort Error (intl) by 
value to find the least 
error. 
Find Ld corresponded to the least error. 
Calculate X from Eq. (5.53). 
Display Ld, y, and, %. 
Plot expKK and ca1KK vs. time. 
End. 
Fig. B-1: Simplified flowchart and algorithm of calculations. 
B-2 Forms, codes and listings 
The program was written in Microsoft Visual Basic codes and includes 7 forms and a 
class module. Figures B-1 through B-4 show the layout of frmMain, fimResults, 
frmShowvalues, and frmGraph, respectively. The objective and listing of each of 
them are as follows: 
frmMain : The basic subroutines of the program are included in frmMain. Once the 
simulator is run, this form is displayed and requests the value of flow efficiency factor 
for which the simulation is to be done. The input data can be accessed via database or 
by manual entry. All subroutines for data entry, permeability calculations, least-square 
Appendices B-6 
calculations, and curve fitting are written as local functions in fimMain. The listing of 
this form is as follows: 
Listing B-1: Visual basic codes of public class module. 
Option Explicit 
Public kExp(62) As Double 
Public time(62) As Integer 
Public NewkExp(62) As Double 'for new test 
Public Newtime(62) As Integer "for new test 
Public calKK(62) As Double 
Public LdcaIKK(62) As Double 'calculated results for Ld 
Public LncalKK(62) As Double 'calculated results for landa 
Public Ks(62) As Double 
Public erK(62) As Double 
Public sq(62) As Double 
Public lsmsum(400) As Double 
Public copylsm(400) As Double 
Public Pminism As Double 
Public gamma As Double 
Public SGamma As Double 
Public successL As Double 
Public counter As Integer 
Public counter2 As Integer 
Public NoOfData As Integer 
Public Intl As Integer 
Public frate As Double 
Public Slanda As Double 
Listing B-2: Visual basic codes of form frmMain. 
Option Base I 'to set the first index of arrays as I 
'definition of variables 
Dim intJ As Integer 
Dim IntK As Integer 
Dim intResponse As Integer 
Dim vafrate As Double 
Dim mixden As Double 
Dim aswtpin As Double 
Dim aswtpout As Double 
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Test No. 1: 40% n-C7 90C 60cc1hr 
C Test No. 2: 40% n-C7 90C 30cc/hr 
lect an existing test from the list. Test No. 3: 60% n-C7 90C 30cc/hr 
C` Test No. 4: 80%n-C7 90C 30cc/hr 
C Test No. 5: 40% n-C7 90C 90cc/hr 
Test No. 6: 50% n-C7 90C 30cc/hr 
e Test No. 7: 50% n C7 30C 30cc/hr 
C Test No. 8: 50% n-C7 90C 60ccihr 
( Test No. 9: 50% n-C7 60C 30cc/hr 
Test No. 10: 50% n-C7 90C 90cc/hr 
C' Test No. 11: 40% n-C7 90C 15cc/hr 
C Test No. 12: 50% n-C7 90C 15cc/hr 
To see test specifications click Show properties 
........... 
About 
... 
Exit Reset parameters start Simulation' 
Fig. B-1: Layout of form frmMain after selecting "Existing test" option. 
Dim asden As Double 
Dim damagedL As Double 
Dim round As Double 
Dim sigma As Double 
Dim phi As Double 
Dim powphi As Double 
Dim sum As Double 
Dim item As Double 
Dim stage As Integer 
Dim absVal As Double 
Dim minlsm As Double 
Dim roundoff As Double 
Dim landa As Double 
Dim Ci As Double 
Private Sub cmdAbout_Click() 
frmAbout. Show 
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frmMain. Hide 
End Sub 
Private Sub cmdExit_Click() 
Unload frmMain 
End 
End Sub 
Private Sub cmdlnputK Click() 
Dim strTime As String 
Dim strKK As String 
'set data Input by user 
frate = txtfrate. Text 
mixden = txtmixden. Text 
aswtpin = txtaswtpin. Text 
aswtpout = txtaswtpout. Text 
asden = txtasden. Text 
Ci = txtCi. Text 
NoOfData = txtnoofdata. Text 
'send message to the user to input permeability data 
For Intl =1 To NoOfData 
cmdinputK. Enabled = False 
strTime = "Enter time series (" & Intl & ") in minutes" 
strKK = "Enter k/ki series (" & Intl & ") as a fraction" 
Newtime(intl) = InputBox(strTime, "Enter time data") 
'check If the time falls in the allowable range or not 
If (Newtime(intl) < (150 * 60 / frate)) Then 
MsgBox ("You must enter time values after the first pore volume") 
Newtime(intl) = InputBox(strTime, "Enter time data") 
End If 
NewkExp(intl) = InputBox(strKK, "Enter k/ki data") 
Next Intl 
'loads gamma dialogue frame 
fraGamma. Visible = True 
cmdlnputK. Visible = False 
End Sub 
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Private Sub cmdModeNo_Click()'from the fraMode 
IblSelectTest. Visible = False 
fraMode. Visible = False 
If optTest1. Value = True Then 
Call setTest1 'initialize the parameters 
gamma = 0.28 'optimum value 
Call calculate 'performs the simualtions 
End If 'end of optTestl conditions 
If optTestl 1 . Value = True Then 
Call setTesti I 
gamma = 0.29 
Call calculate 
End If 'end of optTestl 1 conditions 
If optTestl2. Value = True Then 
Call setTest12 
gamma = 0.011 
Call calculate 
End If 'end of optTestl2 conditions 
If optTest13. Value = True Then 
Call setTest13 
gamma = 0.008 
Call calculate 
End If 'end of optTestl3 conditions 
If optTestl5. Value = True Then 
Call setTest15 
gamma = 0.29 
Call calculate 
End If 'end of optTestl 5 conditions 
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If optTest16. Value = True Then 
Call setTest16 
gamma = 0.22 
Call calculate 
End If 'end of optTestl6 conditions 
If optTestl 8. Value = True Then 
Call setTestl8 
gamma = 0.2 
Call calculate 
End If 'end of optTestl 8 conditions 
If optTest2. Value = True Then 
Call setTest2 
gamma = 0.18 
Call calculate 
End If 'end of optTest2 conditions 
If optTest2l. Value = True Then 
Call setTest2l 
gamma = 0.225 
Call calculate 
End If 'end of optTest2l conditions 
If optTest3O. Value = True Then 
Call setTest30 
gamma = 0.16 
Call calculate 
End If 'end of optTest3O conditions 
If optTest3l. Value = True Then 
Call setTest3l 
gamma = 0.28 
Call calculate 
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End If 'end of optTest3l conditions 
If optTest32. Value = True Then 
Call setTest32 
gamma = 0.24 
Call calculate 
End If 'end of optTest32 conditions 
'end of select case existing tests 
, AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
frmResults. Show 
End Sub 
Private Sub cmdModeYes_Click() 
fraGamma. Visible = True 
cmdNewTry. Tablndex =0 
frmMain. Caption = "Selecting the optimum Gamma" 
End Sub 
'performs a series of calculations 
'to find the best value of Gamma 
Private Sub cmdNewTry_Click() 
cmdNewTry. Tabindex =0 
cmdProceed. Enabled = False 
Dim temperr As Double 'used in round-off of error% 
Dim errorindex As Double 
errorindex =0 
Dim dif As Double 
dif=0 
Dim sum As Double 
sum =0 
Dim faig As Boolean 
flag = True'falg to initiate the trial-&-error task 
counter2 = counter2 +I 'to record the number of Iterations 
Call getGamma 
If (optNewTest. Vaiue = True) Then 'in case of definition of a new test- 
Appendices B-12 
Call setNewTest 
Call calculate 
End If 
If optTestl. Value = True Then 
Call setTestl 'initialize the parameters 
Call calculate 'performs the simualtions 
End If 'end of optTestl conditions 
If optTestl 1 . Value = True Then 
Call setTest11 
Call calculate 
End If 'end of optTest11 conditions 
If optTest12. Vaiue = True Then 
Call setTestl2 
Call calculate 
End If 'end of optTestl2 conditions 
If optTestl3. Value = True Then 
Call setTest13 
Call calculate 
End If 'end of optTest13 conditions 
If optTestl 5. Value = True Then 
Call setTestl5 
Call calculate 
End If 'end of optTestl5 conditions 
If optTestl6. Value = True Then 
Call setTest16 
Call calculate 
End If 'end of optTestl6 conditions 
If optTestl8. Value = True Then 
Call setTest18 
Call calculate 
End If 'end of optTestl8 conditions 
If optTest2. Value = True Then 
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Call setTest2 
Call calculate 
End If 'end of optTest2 conditions 
If optTest2l. Value = True Then 
Call setTest2l 
Call calculate 
End If 'end of optTest2l conditions 
If optTest30. Value = True Then 
Call setTest3O 
Call calculate 
End If 'end of optTest30 conditions 
If optTest3l. Value = True Then 
Call setTest3l 
Call calculate 
End If 'end of optTest3l conditions 
If optTest32. Value = True Then 
Call setTest32 
Call calculate 
End If 'end of optTest32 conditions 
'end of select case existing tests 
iAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
listing data in grdDataG 
grdDataG. CoI = O'time 
For Intl =I To (NoOfData) 
grdDataG. Row = Intl -I 
grdDataG. Text = time(intl) 
Next Intl 
grdDataG. CoI =I 'experimental results 
For Intl =1 To (NoOfData) 
grdDataG. Row = Intl -1 
grdDataG. Text = kExp(intl) 
Next Intl 
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grdDataG. Col =2 'calculated results 
For intl =I To (NoOfData) 
grdDataG. Row = intl -I 
grdDataG. Text = LdcalKK(intl) 
Next intl 
grdDataG. Coi =3 'error% 
For Intl =I To (NoOfData) 
grdDataG. Row = Intl -1 
temperr = 100 * (kExp(intl) - LdcaIKK(intl)) / kExp(intl) 
temperr = ((1000000 * temperr) \ 1) / 1000000 'round-off procedure 
grdDataG. Text = temperr 
Next Intl 
errorindex = ((1000000 * Pminlsm) \ 1) / 1000000 
'listing the results in the grdRecords 
grdRecords. Row = (counter2 - 1) 
grdRecords. Col =0 
grdRecords. Text = gamma 
grdRecords. Col =I 
grdRecords. Text = successL * 0.3048 'to convert ft to m 
grdRecords. Col =2 
grdRecords. Text = errorindex * 100 'to be more sensible 
sum =0 'reset sum error 
errorindex =0 
dif=0 
End Sub 
Private Sub cmdProceed_Click() 
'try to continue with seleted gamma 
'the procedure is the same as that for option "No" 
gamma = txtGamSel 
Call calculate 
frmResults. Show 
End Sub 
Private Sub cmdReset Click() 
fraSetParam. Visible = True 
frameMode. Visible = False 
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frameSelectTest. Visible = False 
IblSelectTest. Visible = False 
End Sub 
Private Sub cmdStart_Click() 
fraMode. Visible = True 
cmdModeYes. Tabindex =0 
IblSelectTest. Visible = False 
frameSelectTest. Visible = False 
End Sub 
Private Sub calculate() 
vafrate = (frate / 60) * mixden * (aswtpin - aswtpout) / (100 * asden) 
damagedL = 0.1 'initial value of Ld 
round =1 
loop intJ=====__________ 
For intJ =1 To 400 
'------. ---internal loop intl------------- --- 
For Intl =1 To NoOfData 
sigma = time(intl) * vafrate 
phi =1- (sigma / (2.5 * damagedL)) 
powphi = phi "4 
Ks(intl) =5* gamma * powphi 
caIKK(intl) _ (60 * Ks(intl)) / ((5 * damagedL) + (60 - damagedL) * Ks(intl)) 
calKK(intl) _ ((1000000 * caIKK(intl))11) / 1000000 
erK(intl) = kExp(intl) - calKK(intl) 
Next Intl 
'-----------------end of Internal loop intl-------- 
................... calculation of summation of errors...... 
sum =0 
For Intl =1 To NoOfData 
sum = sum + (erK(intl) * erK(intl)) 
Next Intl 
' ........................ for sum loop..................... 
lsmsum(intJ) = sum 
damagedL = damagedL + 0.05 'increment Ld 
Next intJ 
'===============°====end of main loop for damagedL intJ======== 
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'copying Ismsum() into copylsm() 
For intl =1 To 400 
copylsm(intl) = Ismsum(intl) 
Next Intl 
'finding the least LSM 
item = copylsm(1) 
For Intl =2 To 400 
If item > copylsm(intl) Then 
item = copylsm(intl) 
End If 
Next intl 
minlsm = item 'the least error 
Pminlsm = minlsm 
'comparison and finding "i" and "gamma" 
stage =0 
counter =0 
For Intl =I To 400 
If (copylsm(intl) = minism) Then 
counter = counter +1 
stage = Intl -1 'the successful run is found here 
successL =1+ (0.05 * stage) 'the Ld which best fits exp data 
End If 
Next Intl 
'final calculations 
For Intl =1 To NoOfData 
sigma = time(intl) * vafrate 
phi =I- (sigma / (2.5 * successL)) 
powphi = phi * phi * phi * phi 
Ks(intl) =5" gamma * powphl 
caIKK(intl) _ (60 * Ks(Intl)) / ((5 * successL) + (60 - successL) * Ks(intl)) 
LdcaIKK(intI) = ((1000000 " caIKK(intl)) \ 1) / 1000000 
erK(intl) = kExp(inti) - LdcalKK(inti)'not yet In percent 
Ks(intl) = ((1000000' Ks(intl)) \ 1) / 1000000 
Next Intl 
' end of routin to find damaged length 
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landa = 1.4 
round =1 
loop for lande 
For intJ =1 To 400 
'-----------------internal loop Intl--------------- 
For Intl =1 To NoOfData 
'phi =I- (0.44 * landa * Ci * frate * time(intl) * Exp(-Ianda * successL * 0.3048) / 60) 
phi =1- (0.006734 * Ci * frate * time(intl) * (I - Exp(-Ianda * successL * 0.3048)) / 
successL) 
powphi = phi * phi * phi * phi 
Ks(intl) =5* gamma * powphi 
caIKK(intl) _ (60 * Ks(intl)) / ((5 * successL) + (60 - successL) * Ks(intl)) 
calKK(intl) _ ((1000000 * calKK(inti)) \ 1) / 1000000 
erK(intl) = kExp(intl) - caIKK(intl) 
Next Intl 
'---------------end of internal loop Intl-------- 
................... caicuiation of summation of errors...... 
sum =0 
For Intl =I To NoOfData 
sum = sum + (erK(intl) * erK(intl)) 
Next Intl 
' ........................ for sum loop..................... 
Ismsum(intJ) = sum 
landa = lande + 0.01 'increment 
Next intJ 
'=====================end of main loop intJ======== 
'copying Ismsum() into copyism() 
For Intl =I To 400 
copylsm(intl) = Ismsum(intl) 
Next Intl 
'finding the least LSM 
item = copylsm(1) 
For Intl =2 To 400 
If item > copylsm(intl) Then 
item = copylsm(intl) 
End If 
Next Intl 
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minism = item 
'comparison and finding "i" and "landa" 
stage =0 
counter =0 
For intl =1 To 400 
If (copylsm(intl) = minism) Then 
counter = counter +1 
stage = intl -1 'the successful run Is found here 
Slanda = 1.4 + (0.01 * stage) 'the landa which best fits exp data 
End If 
Next intl 
'final calculations 
For intl =1 To NoOfData 
phi =1 - (0.44 * Slanda * Cl * frate * time(intl) * Exp(-Slanda * successL * 0.3048) / 60) 
phi =I- (0.006734 * Ci * frate * time(inti) * (1 - Exp(-landa * successL * 0.3048)) / 
successL) 
powphi = phi"4 
Ks(intl) =5* gamma * powphi 
caIKK(intl) _ (60 * Ks(intl)) / ((5 * successL) + (60 - successL) * Ks(intl)) 
LncalKK(intl) = ((1000000 * calKK(intl)) \ 1) / 1000000 
erK(intl) = kExp(intl) - LncalKK(intl) 
Ks(intl) = ((1000000 * Ks(intl)) \ 1) / 1000000 
Next intl 
End Sub 'end of subroutine calculate() 
'requests the value of gamma 
Private Sub getGamma() 
gamma = InputBox("Enter a value for the Flow efficiency factor (Gamma): ", "Enter 
Gamma") 
If gamma >I Then 
intResponse = MsgBox("Invalid value of Gamma! ", vbOKOniy + vbExclamatlon, 
"Waming") 
gamma = InputBox("Enter a value for Gamma: ", "Get value of Gamma") 
End If 'end of checking value of gamma 
End Sub 
Private Sub setNewTest() 
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'reading data from frame set parameters 
frate = txtfrate. Text 
mixden = txtmixden. Text 
aswtpin = txtaswtpin. Text 
aswtpout = txtaswtpout. Text 
asden = txtasden. Text 
Ci = txtCi. Text 
NoOfData = txtnoofdata. Text 
For intl =1 To NoOfData 
kExp(intl) = NewkExp(intl) 
time(intl) = Newtime(intl) 
Next Intl 
End Sub 
Private Sub setTestl() '40% 90C 60cc/hr 
'setting parameters for test I 
frate = 60 
mixden = 0.808 
aswtpin = 0.38 
aswtpout =0 
asden = 1.1 
CI = 0.002791 
NoOfData = 46 
'squiring experimental data 
kExp(1) = 0.876191 
kExp(2) = 0.827637 
kExp(3) = 0.791739 
'in this part, experimental data of k/ki and time are input 
time(42) = 2278 
time(43) = 2319 
time(44) = 2354 
time(45) = 2400 
End Sub 'end of sub test32 
Private Sub Form_Load() 
fraMode. Visible = False 'invisible fraMode until start pressed 
fraGamma. Visible = False 
frameSeiectTest. Visibie = False 
IblSelectTest. Visible = False 
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frameMode. Visible = True 
IblSelectType. Visible = True 
frmMain. Caption = "Selecting test type" 
cmdStart. Enabled = False 
cmdReset. Enabled = False 
cmdlnputK. Visible = False 
cmdlnputK. Enabled = False 
End Sub 
Private Sub optExistingTestClick() 
frmMain. Caption = "Main" 
frameSelectTest. Visible = True 
IblSelectTest. Visible = True 
frameMode. Visible = False 
lblSelectType. Visible = False 
cmdStart. Enabled = True 
cmdReset. Enabled = True 
End Sub 
Private Sub optNewTest Click() 
'to prevent loading data of test 1 
optTestl. Value = False 
'initialize text boxes to prevent division by zero 
'and show typical values of parameters 
txtfrate = 90 
txtmixden = 0.79 
txtaswtpin = 0.38 
txtaswtpout =0 
txtCi = 0.00446 
txtnoofdata = 10 
txtasden = 1.1 
txtfrate. Locked = False 
txtmixden. Locked = False 
txtaswtpin. Locked = False 
txtaswtpout. Locked = False 
txtCi. Locked = True'depends on aswtpin and out 
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txtnoofdata. Locked = False 
txtasden. Locked = False 
fraSetParam. Visible = True 
frameMode. Visible = False 
IblSelectTest. Visible = False 
IblSelectType. Visible = False 
cmdlnputK. Enabled = True 
cmdlnputK. Visible = True 
frmMain. Caption = "Defining a new test" 
IblDefineNewTest. Visibie = True 
End Sub 
Private Sub optTestl_GotFocus() 
txtfrate = 60 
txtmixden = 0.808 
txtaswtpin = 0.38 
txtaswtpout =0 
txtCi = 0.002791 
txtnoofdata = 46 
txtasden = 1.1 
End Sub 
Private Sub optTestl l_Click() 
txtfrate = 30 
txtmixden = 0.808 
txtaswtpin = 0.38 
txtaswtpout =0 
txtCi = 0.002791 
txtnoofdata = 42 
txtasden = 1.1 
End Sub 
Private Sub optTestl2 Ciick() 
txtfrate = 30 
txtmixden = 0.77 
txtaswtpin = 0.965 
txtaswtpout =0 
Appendices B-22 
txtCi = 0.006755 
txtnoofdata = 39 
txtasden = 1.1 
End Sub 
Private Sub optTestl3_Click() 
txtfrate = 30 
txtmixden = 0.7 
txtaswtpin = 2.25 
txtaswtpout =0 
txtCi = 0.01431 
txtnoofdata = 18 
txtasden = 1.1 
End Sub 
Private Sub optTestl5_Click() 
txtfrate = 90 
txtmixden = 0.808 
txtaswtpin = 0.38 
txtaswtpout =0 
txtCi = 0.002791 
txtnoofdata = 58 
txtasden = 1.1 
End Sub 
Private Sub optTestl6_Click() 
txtfrate = 30 
txtmixden = 0.79 
txtaswtpin = 0.62 
txtaswtpout =0 
txtCi = 0.00446 
txtnoofdata = 46 
txtasden = 1.1 
End Sub 
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Private Sub optTestl8_Click() 
txtfrate = 30 
txtmixden = 0.828 
txtaswtpin = 1.2 
txtaswtpout =0 
txtCi = 0.0090329 
txtnoofdata = 46 
txtasden = 1.1 
End Sub 
Private Sub optTest2_Click() 
txtfrate = 60 
txtmixden = 0.79 
txtaswtpin = 0.62 
txtaswtpout =0 
txtCi = 0.00446 
txtnoofdata = 46 
txtasden = 1.1 
End Sub 
Private Sub optTest21_Click() 
txtfrate = 30 
txtmixden = 0.818 
txtaswtpin = 0.79 
txtaswtpout =0 
txtCi = 0.005882 
txtnoofdata = 46 
txtasden = 1.1 
End Sub 
Private Sub optTest3O Click() 
txtfrate = 90 
txtmixden = 0.79 
txtaswtpin = 0.62 
txtaswtpout =0 
txtCi = 0.00446 
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txtnoofdata = 62 
txtasden = 1.1 
End Sub 
Private Sub optTest3I _Click() 
txtfrate = 15 
txtmixden = 0.808 
txtaswtpin = 0.38 
txtaswtpout =0 
txtCi = 0.002791 
txtnoofdata = 42 
txtasden = 1.1 
End Sub 
Private Sub optTest32_Click() 
txtfrate =15 
txtmixden = 0.79 
txtaswtpin = 0.62 
txtaswtpout =0 
txtCi = 0.00446 
txtnoofdata = 45 
txtasden = 1.1 
End Sub 
Private Sub txtGamSel_Change() 
cmdProceed. Tabindex =0 
cmdProceed. Enabled = True 
End Sub 
Fr_ 
The results of simulation runs are reported as damaged length and filtration 
coefficient. When this form is loaded, the user is given three options including: a) 
showing a plot of k/k; versus pore volume of fluid injected, b) listing calculated values 
in a table, and c) saving the results as file in any formats of txt (document), xls 
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(Excel Spreadsheets), . dat (data file), and pdf (portable document format). The codes 
to generate such an option are as follows: 
Listing B-3: Visual basic codes of form frnmResults. 
Private Sub cmdResultsExit Click() 
Unload Me 
End 
End Sub 
Private Sub cmdSave_Click() 
DialogSave. ShowSave 'shows save dialog box 
FileName = DialogSave. FileName 'get user Input file name 
Open FileName For Output As #1 'Open file for output 
Print #1, " Filtration Coefficient= "& Slanda 
Print #1, " Damaged length= "& successL*0.3048 &" m" 
Print #1, " Flow efficiency factor- "& gamma 
Print #1, Calculated values of k/ki are as follows: " 
Print #1, 
For intl =1 To NoOfData 'Print data to file. 
Print #1, LdcalKK(intl) 
Next Intl 
Close #1 ' Close file. 
End Sub 
Private Sub cmdShowGraph_Click() 
frmResults. Hide 
frmMain. Hide 
frmGraph. Show 
End Sub 
Private Sub cmdShowValues Click() 
Load frmShowValues 
frmShowValues. Show 
frmMain. Hide 
End Sub 
Private Sub Form_Load()'on loading f mResults 
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txtGamma. Text = gamma 
txtDamLength. Text = successL * 0.3048 'SI unit, m 
IblGamma = gamma ' 
txtLanda. Text = Slanda 
frmMain. Hide 
End Sub 
Gamma: 10.185 
Damaged length : 0.96 (m) 
Lambda : 4.7916666 (m-_l 
Exit Save Show values 
Fig. B-2: Displaying results of simulation in form frmResults. 
frmGraph and frmShowvalues 
The results of the simulation runs are displayed in these forms. frmGraph presents the 
results as a plot of damaged permeability ratio versus pore volumes of fluid injected, 
while frmShowvalues displays a table in which permeability of damaged zone k, 
damaged permeability ratios k/k;, and error of calculations are covered. Hence 
simulated results can be compared visually or numerically. The following listings are 
codes behind the forms frmGraph and frmShowvalues, respectively. 
Listing B-4: Visual basic codes of form frmGraph. 
Private Sub cmdGraphBack_Click() 
frmResults. Show 
frmGraph. Hide 
End Sub 
Private Sub cmdGraphExit_Click() 
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Unload frmGraph 
Unload frmMain 
Unload frmResults 
End 
End Sub 
Private Sub Form Activate() 
'code to draw axis lines and legend 
frmGraph. DrawWidth =2 
frmGraph. Line (1500,1000)-(1500,6500) 
frmGraph. Line (1500,6500)-(10000,6500) 
frmGraph. DrawWidth =3 
frmGraph. Circle (8300,1100), 30, vbBlue 
frmGraph. Circle (8300,1500), 20, vbRed 
frmGraph. DrawWidth =I 
frmGraph. Line (8100,1500)-(8500,1500) 
frmGraph. DrawWidth =3 
'code to draw circles as data points 
For Intl =1 To NoOfData 
frmGraph. Circle (-1000 + 2500 * frate * time(intl) / (60 * 150), 6500 - (kExp(intl) * 5000)), 
30, vbBlue 
frmGraph. Circle (-1000 + 2500 * frate * time(intl) / (60 * 150), 6500 - (LdcaIKK(intl) * 
5000)), 20, vbRed 
'frmGraph. Circle (-1000 + 2500 * frate * time(Intl) / (60 * 150), 6500 - (LncaIKK(intl) * 
5000)), 20, vbBlack 
Next Intl 
frmGraph. DrawWidth =I 
For Intl =1 To NoOfData -1 
frmGraph. Line (-1000 + 2500 * frate * time(intl) / (60 * 150), 6500 - (LdcalKK(intl) * 5000))- 
(-1000 + 2500 * frate * time(intl + 1) / (60 * 150), 6500 - (LdcatKK(intl + 1) * 5000)) 
Next Intl 
'code to generate the arrows of either axes 
frmGraph. DrawWidth =2 
frmGraph. Line (1450,1075)-(1500,1000) 
frmGraph. Line (1550,1075)-(1500,1000) 
frmGraph. Line (9935,6435)-(10000,6500) 
f mGraph. Line (9935,6560)-(10000,6500) 
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'code to generate tick marks on x- and y-axis 
For intl =0 To 6 
frmGraph. Circle (1500 + intl * 1250,6515), 15, vbBlack 
Next intl 
For intl =0 To 10 
frmGraph. Circle (1485,6500 - intl * 500), 15, vbBlack 
Next intl 
End Sub 
k/k 
k 
Fig. B-3: Presentation of simulation results as a curve in form frmGraph. 
Listing B-5: Visual basic codes of form frmShowvalues. 
Private Sub cmdShowValBack_Click() 
frmResults. Show 
frmShowValues. Hide 
End Sub 
Private Sub cmdValExit_Click() 
Unload Me 
End 
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End Sub 
Private Sub cmdValuesPrint Ciick() 
Print kExp(2) &" "& caIKK(2) &""& Ks(2) 
End Sub 
Private Sub Form_Load() 
Dim temperr As Double 'used in round-off 
grdData. Rows = NoOfData +I 
'preparation of titles of fixed cells 
grdData. Row =0 
grdData. Col =0 
grdData. Text = "Time, min" 
grdData. Col =1 
grdData. Text = "K/Ki (exp)" 
grdData. Col =2 
grdData. Text = "K/Ki (sim)" 
grdData. Col =3 
grdData. Text = "Ks, d" 
grdData. Col =4 
grdData. Text = "Error, %" 
'generation of data table 
grdData. Col =0 
For Intl =1 To (NoOfData) 
grdData. Row = intl 
grdData. Text = time(intl) 
Next intl 
grdData. Col =1 
For Intl =1 To (NoOfData) 
grdData. Row = Intl 
grdData. Text = kExp(intI) 
Next Intl 
grdData. Co1= 2 
For Intl =I To (NoOfData) 
grdData. Row = Intl 
grdData. Text = LdcaIKK(inti) 
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Next intl 
grdData. Col =3 
For Intl =1 To (NoOfData) 
grdData. Row = Intl 
grdData. Text = Ks(intl) 
Next Intl 
grdData. Col =4 
For Intl =1 To (NoOfData) 
grdData. Row = Intl 
temperr = 100 * (kExp(intl) - LdcaIKK(intl)) / kExp(intl) 
temperr = ((1000000 * temperr) \ 1) / 1000000 'round-off procedure 
grdData. Text = temperr 
Next Intl 
End Sub 
Time, min I'A"i I, ' ., T) 1--ßt1 III r IDA, " 
150 0.87648 0.793523 0.839368 9.464791 
160 0.8279 0.789405 0.822085 4.649716 
170 0.792 0.785821, 0.807472 0.780177 
180 0.7734 0.782639 0.79482 -1.19459: 
190 0.7644 0.779756 0.783612 -2.008896 
200 0.7556 0.777095 0.773471 -2.844759 
210 0.7556 0774596 0.764121 -2.514029 
220 0.7556 0.772214 0.755364 -2.198782 
230 0.7573' 0.769915 0.747051 -1.66572rß 
240 0.7539; 0.767675 0.739078 -1.82716= 
250 0.7521 0.765474 0.731365 -1.778.1-11 
260 0.7504 0.763299 0.723856 -1.71, x95 
270 0.7556 0.761139 0.71651 -0.7330rß 
280 0.7573 0.758987 0.709297 -0.22276` 
290 0.7539 0.756837 0.702193 -0.389574 
300 07487 0.754684 0695184 -0.799 2 
L 
stn 
Bac k 
r-7": rIn .. 7"-": -.: r.... n-ioJ:, 
Exit 
Fig. B-4: Presentation of simulation results as a table in form frmShowvalues. 
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Appendix C 
Summary of experimental data and simulated results 
In the following, a summary of flooding tests carried out in this study is presented. 
First the input parameters required for the simulation of each test is listed in a table, 
and then calculated values obtained by simulator runs are presented in a subsequent 
table. 
Table C-1: Input parameters of Test #1. 
Parameter uanti 
Flow rate, cm /hr 60 
Concentration of n-C7 in the mixture, % 40 
Concentration of halten in the mixture, volJvol. 0.001811 
Mixture density, cm 0.808 
Asphalten density, cm 1.1 
Mixture viscosity, cP 1.1 
Total length of porous modiwn, cm 1828.8 
Cross-section area of porous mediwn, cm 0.30 
Temperature, °C 90 
Damaged length, m 0.96 
Flow efficiency factor 0.185 
Filtration coefficient, m 4.79 
Table C-2: Results of sample calculations performed for Test #1. 
Time 
min 
p 
(kPa) 
k/q 
rimes 
Q 
cm 
{1 ly 
m= 
1t/i, 
theoretical 
Error 
150 2584.04 0.87648 0.271651 0.968272 8.28359E-13 0.79352 9.465 
160 2735.63 0.827909 0.289761 0.966157 8.11303E-13 0.7894 4.651 
170 2859.67 0.792 0.307871 0.964041 7.96882E-13 0.78582 0.781 
180 2928.57 0.773365 0.325981 0.961926 7.84397E-13 0.78264 -1.199 
190 2963.03 0.764372 0.344091 0.959811 7.73336E-13 0.77975 -2.012 
200 2997.48 0.755586 0.362201 0.957696 7.63327E-13 0.77709 -2.846 
210 2997.48 0.755586 0.380311 0.955581 7.54101E-13 0.77459 -2.516 
220 2997.48 0.755586 0.398421 0.953465 7.45458E-13 0.77221 -2.2 
230 2990.59 0.757327 0.416531 0.95135 7.37255E-13 0.76991 -1.662 
240 3004.37 0.753853 0.434641 0.949235 7.29386E-13 0.76767 -1.833 
250 3011.26 0.752128 0.452751 0.94712 7.21774E-13 0.76547 -1.774 
260 3018.15 0.750411 0.470861 0.945005 7.14364E-13 0.7633 -1.717 
270 2997.48 0.755586 0.488971 0.942889 7.07115E-13 0.76114 -0.735 
280 2990.59 0.757327 0.507081 0.940774 6.99996E-13 0.75898 -0.219 
290 3004.37 0.753853 0.525191 0.938659 6.92986E-13 0.75683 -0.395 
300 3025.04 0.748702 0.543301 0.936544 6.86069E-13 0.75468 -0.799 
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310 3018.15 0.750411 0.561411 0.934429 6.79233E-13 0.75252 -0.282 
320 3038.83 0.745306 0.579521 0.932313 6.72469E-13 0.75036 -0.678 
330 3045.72 0.74362 0.597631 0.930198 6.65771E-13 0.74818 -0.614 
340 3038.83 0.745306 0.615741 0.928083 6.59135E-13 0.746 -0.093 
350 3052.61 0.741941 0.633851 0.925968 6.52557E-13 0.7438 -0.25 
360 3066.39 0.738607 0.651961 0.923853 6.46034E-13 0.74159 -0.404 
370 3073.28 0.736951 0.670071 0.921737 6.39565E-13 0.73936 -0.327 
380 3093.95 0.732027 0.688181 0.919622 6.33147E-13 0.73713 -0.697 
390 3100.84 0.7304 0.706291 0.917507 6.26781E-13 0.73488 -0.613 
400 3107.74 0.72878 0.724401 0.915392 6.20464E-13 0.73261 -0.525 
410 3100.84 0.7304 0.742511 0.913276 6.14196E-13 0.73033 0.01 
420 3107.74 0.72878 0.760622 0.911161 6.07977E-13 0.72804 0.102 
430 3128.41 0.723965 0.778732 0.909046 6.01805E-13 0.72573 -0.244 
440 3135.3 0.722374 0.796842 0.906931 5.95681E-13 0.72341 -0.143 
450 3142.19 0.720789 0.814952 0.904816 5.89605E-13 0.72107 -0.039 
460 3155.97 0.717642 0.833062 0.9027 5.83575E-13 0.71872 -0.15 
470 3162.86 0.716078 0.851172 0.900585 5.77592E-13 0.71635 -0.038 
480 3162.86 0.716078 0.869282 0.89847 5.71655E-13 0.71397 0.295 
490 3176.64 0.712972 0.887392 0.896355 5.65764E-13 0.71157 0.197 
500 3183.53 0.711429 0.905502 0.89424 5.59919E-13 0.70916 0.319 
510 3190.42 0.709892 0.923612 0.892124 5.54119E-13 0.70673 0.445 
520 3190.42 0.709892 0.941722 0.890009 5.48365E-13 0.70429 0.789 
530 3197.31 0.708362 0.959832 0.887894 5.42655E-13 0.70183 0.922 
540 3217.98 0.703812 0.977942 0.885779 5.3699E-13 0.69936 0.632 
550 3224.88 0.702308 0.996052 0.883664 5.3137E-13 0.69687 0.774 
560 3217.98 0.703812 1.014162 0.881548 5.25794E-13 0.69437 1.341 
570 3278.17 0.69089 1.032272 0.879433 5.20262E-13 0.69186 -0.14 
580 3267.3 0.693189 1.050382 0.877318 5.14774E-13 0.68932 0.558 
590 3296.73 0.687 1.068492 0.875203 5.09329E-13 0.68678 0.032 
600 3311.19 0.684 1.086602 0.873088 5.03927E-13 0.68422 -0.032 
Table C-3: Innut oarameten of Test 02. 
Parameter Quantity 
Flow rate, cm /hr 30 
Concentration of n-C7 in the mixture, % 40 
Concentration of haltere in the mixture, volJvol. 0.001811 
Mixture density, cm 0.808 
Asphaltene ity, cm 1.1 
Mixture viscosity, cP 1.1 
Total length of porous mediwn, cm 1828.8 
Cross-section area of porous tnediuný cm 0.30 
Temperature, °C 90 
Damaged lengtk m 0.8 
Flow efficiency factor 0.2 
Filtration coefficient, rn 5.75 
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Table C-4: Results of sammle calculations performed for Test #2. 
Time 
min 
p 
(kPa) 
k/14 
rimen 
a 
cm 
$/ kd 
m= 
k/iy 
theoretical 
Error 
315 1357.48 0.834213 0.285233 0.961355 8.525E-13 0.824368 1.18023 
337 1357.48 0.834213 0.305154 0.958656 8.343E-13 0.821139 1.567281 
358 1391.93 0.813564 0.32417 0.95608 8.191E-13 0.818285 -0.58026 
379 1412.61 0.801659 0.343185 0.953504 8.056E-13 0.81559 -1.73786 
400 1419.5 0.797767 0.362201 0.950927 7.932E-13 0.813007 -1.91033 
421 1419.5 0.797767 0.381216 0.948351 7.816E-13 0.810501 -1.59617 
442 1398.82 0.809557 0.400232 0.945775 7.707E-13 0.808046 0.186619 
463 1398.82 0.809557 0.419247 0.943199 7.603E-13 0.805624 0.485827 
484 1398.82 0.809557 0.438263 0.940622 7.502E-13 0.80322 0.782712 
505 1412.61 0.801659 0.457278 0.938046 7.405E-13 0.800825 0.103926 
526 1412.61 0.801659 0.476294 0.93547 7.309E-13 0.798432 0.402488 
547 1398.82 0.809557 0.495309 0.932893 7.216E-13 0.796034 1.670332 
568 1385.04 0.817612 0.514325 0.930317 7.124E-13 0.793629 2.933332 
589 1405.72 0.805588 0.533341 0.927741 7.033E-13 0.791212 1.784575 
611 1412.61 0.801659 0.553262 0.925042 6.94E-13 0.788666 1.620721 
632 1447.06 0.782571 0.572277 0.922465 6.852E-13 0.78622 -0.46628 
653 1453.95 0.778863 0.591293 0.919889 6.765E-13 0.783759 -0.62865 
674 1447.06 0.782571 0.610308 0.917313 6.679E-13 0.781281 0.164957 
695 1467.73 0.771549 0.629324 0.914736 6.593E-13 0.778785 -0.93776 
716 1474.62 0.767944 0.648339 0.91216 6.509E-13 0.776271 -1.08429 
737 1474.62 0.767944 0.667355 0.909584 6.426E-13 0.773738 -0.75453 
758 1474.62 0.767944 0.68637 0.907007 6.343E-13 0.771187 -0.42233 
779 1495.3 0.757327 0.705386 0.904431 6.261E-13 0.768617 -1.49077 
800 1502.19 0.753853 0.724401 0.901855 6.18E-13 0.766028 -1.61503 
821 1509.08 0.750411 0.743417 0.899279 6.1E-13 0.76342 -1.73356 
842 1502.19 0.753853 0.762433 0.896702 6.021E-13 0.760792 -0.92045 
863 1509.08 0.750411 0.781448 0.894126 5.942E-13 0.758145 -1.03062 
884 1515.97 0.747 0.800464 0.89155 5.864E-13 0.755478 -1.13495 
905 1509.08 0.750411 0.819479 0.888973 5.787E-13 0.752792 -0.31726 
926 1509.08 0.750411 0.838495 0.886397 5.711E-13 0.750086 0.043362 
947 1509.08 0.750411 0.85751 0.883821 5.635E-13 0.74736 0.406614 
968 1515.97 0.747 0.876526 0.881244 5.56E-13 0.744614 0.319414 
989 1522.86 0.74362 0.895541 0.878668 5.486E-13 0.741848 0.238227 
1011 1529.75 0.74027 0.915462 0.875969 5.41E-13 0.73893 0.18108 
1032 1543.53 0.733661 0.934478 0.873393 5.337E-13 0.736123 -0.33567 
1053 1550.42 0.7304 0.953493 0.870816 5.265E-13 0.733297 -0.39664 
1074 1550.42 0.7304 0.972509 0.86824 5.194E-13 0.730451 -0.00694 
1095 1550.42 0.7304 0.991524 0.865664 5.124E-13 0.727584 0.385501 
1116 1564.20 0.723965 1.01054 0.863088 5.054E-13 0.724698 -0.10126 
1137 1557.31 0.727168 1.029556 0.860511 4.985E-13 0.721791 0.73942 
1158 1584.87 0.714522 1.048571 0.857935 4.917E-13 0.718865 -0.60781 
1179 1577.98 0.717642 1.067587 0.855359 4.85E-13 0.715918 0.240223 
1200 1577.98 0.717642 1.086602 0.852782 4.783E-13 0.712951 0.653636 
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Table C-5: Innut parameters of Test #3. 
Parameter Quantity 
Flow rate, cm /hr 30 
Concentration of n-C7 in the mixture, % 60 
Concentration of as halten in the mixture, vol. /vol. 0.003066 
Mixture density, cm 0.77 
As haltere density, cm 1.1 
Mixture viscosity, cP 0.59 
Total length of porous medium, cm 1828.8 
Cross-section area of porous medium, cm 0.30 
Tem afore, °C 90 
Damaged length, m 0.54 
Flow efficiency factor 0.065 
Filtration coefficient, m7' 8.52 
Table C-6: Results of sammle calculations performed for Test #3. 
Time 
min 
p 
(kPa) 
k/k, 
risen 
a 
cm 
"/ $ kd 
m= 
k/kq 
theoretical 
Error 
300 957.82 0.634144 0.459901 0.899858 2.368E-13 0.610665 3.702458 
320 1006.05 0.60374 0.490561 0.893182 2.219E-13 0.599023 0.781312 
340 1012.94 0.599633 0.521221 0.886506 2.096E-131 0.588214 1.904334 
360 1033.61 0.58764 0.551881 0.87983 1.992E-13 0.57802 1.637066 
380 1095.63 0.554377 0.582541 0.873154 1.902E-13 0.568273 -2.5065 
400 1116.30 0.544111 0.613201 0.866478 1.822E-13 0.558844 -2.70766 
420 1109.41 0.547491 0.643861 0.859801 1.75E-13 0.549636 -0.39187 
440 1123.19 0.540773 0.674521 0.853125 1.684E-13 0.540578 0.036087 
460 1164.54 0.521574 0.705181 0.846449 1.622E-13 0.531616 -1.92532 
480 1164.54 0.521574 0.735841 0.839773 1.565E-13 0.522712 -0.21815 
500 1178.32 0.515474 0.766502 0.833097 1.51E-13 0.513838 0.317387 
520 1233.45 0.492436 0.797162 0.826421 1.457E-13 0.504974 -2.54617 
540 1219.67 0.498 0.827822 0.819745 1.407E-13 0.496107 0.380035 
560 1219.67 0.498 0.858482 0.813069 1.358E-13 0.487229 2.16281 
580 1233.45 0.492436 0.889142 0.806392 1.311E-13 0.478334 2.863672 
600 1267.90 0.479054 0.919802 0.799716 1.266E-13, 0.469419 2.011296 
620 1316.14 0.461497 0.950462 0.79304 1.221E-13 0.460484 0.21961 
640 1350.59 0.449724 0.981122 0.786364 1.179E-13 0.451529 -0.40124 
660 1336.81 0.454361 1.011782 0.779688 1.137E-13 0.442556 2.598045 
680 1385.04 0.438537 1.042442 0.773012 1.097E-13 0.433569 1.133004 
700 1385.04 0.438537 1.073102 0.766336 1.057E-13 0.424569 3.185107 
720 1502.19 0.404339 1.103762 0.75966 1.019E-13 0.415563 -2.77566 
740 1495.29 0.406203 1.134422 0.752984 9.819E-14 0.406552 -0.08607 
760 1536.64 0.395274 1.165082 0.746307 9.458E-14 0.397544 -0.5743 
780 1564.2 0.388308 1.195742 0.739631 9.107E-14 0.388541 -0.05993 
800 1626.22 0.3735 1.226402 0.732955 8.766E-14 0.37955 -1.61981 
820 1660.67 0.365751 1.257063 0.726279 8.435E-14 0.370576 -1.31908 840 1722.69 0.352584 1.287723 0.719603 . 8.113E-14, 0.361623 -2.56372 860 1750.26 0.347031 1.318383 0.712927 7.801E-14 0.352699 -1.633 880 1812.27 0.335156 1.349043 0.706251 7.498E-14 0.343807 -2.5812 900 1819.16 0.333886 1.379703 0.699575 7.204E-14 0.334954 -0.3198 920 1757.14 0.345671 1.410363 0.692898 6.918E-14, 0.326146 5.648394 
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940 1832.94 0.331376 1.441023 0.686222 6.641E-14 0.317387 4.221338 
960 1874.29 0.324066 1.471683 0.679546 6.373E-14 0.308685 4.74635 
980 2081.01 0.291874 1.502343 0.67287 6.112E-14 0.300044 -2.79897 
1000 2136.14 0.284342 1.533003 0.666194 5.86E-14 0.291469 -2.50664 
1020 2115.46 0.287121 1.563663 0.659518 5.616E-141 0.282968 1.446417 
1040 2191.26 0.277189 1.594323 0.652842 5.379E-14 0.274544 0.954216 
1060 2246.38 0.270387 1.624983 0.646166 5.15E-14 0.266203 1.547173 
1080 2335.97 0.260018 1.655643 0.639489 . 928E-14 0.257951 0.794754 
1100 2446.22 0.248299 1.686303 0.632813 4.714E-14 0.249793 -0.60185 
1120 2632.27 0.230749 1.716963 0.626137 . 507E-14 0.241734 -4.76053 
1140 2549.59 0.238232 1.747623 0.619461 . 306E-14 0.233778 1.86987 
1160 2721.86 0.223154 1.778284 0.612785 . 112E-14 0.22593 -1.24398 
1180 2783.87 0.218183 11.808944 10.6061091 3.925E-14 0.218196 -0.0059 
1200 2811.43 0.216044 1.839604 0.599433 3.745E-14 0.210579 2.529634 
Table C-7: Innut uarameters of Test #4. 
Parameter Quantity 
Flow rate, cm /hr 30 
Concentration of n-C7 in the mixture, % 80 
Concentration of haltere in the mixture, vol. /vol. 0.00357 
Mixture density, cm 0.7 
As halten density, cm 1.1 
Mixture viscosity, cP 0.56 
Total length of porous medium, cm 1828.8 
Cross-section area of porous medium, cm 0.30 
Temperature, °C 90 
Damaged length, m 0.18 
Flow efficiency factor 0.0035 
Filtration coefficient, n f' 
Table C-8: Result: of sample calculations performed for Test #4. 
Time 
mLt 
p 
(kPa) 
k/14 
rimers 
Q 
cm 
$14, 14 
m= 
k/k 
theoretical 
Error 
300 10039.86 0.057422 0.535501 0.652256 1.099E-14 0.083917 -46.1398 
310 11679.91 0.049359 0.553351 0.640664 9.11E-15 0.074577 -51.0908 
320 12169.05 0.047375 0.571201 0.629073 7.574E-15 0.066456 -40.2767 
330 13113.20 0.043964 0.589051 0.617481 6.319E-15 0.059372 -35.046 
340 13960.74 0.041295 0.606901 0.60589 5.292E-15 0.053171 -28.7579 
350 16000.36 0.036031 0.624751 0.594298 4.45E-15 0.047721 -32.4432 
360 19156.3 0.030095 0.642601 0.582707 3.756E-15 0.04291 -42.5828 
370 19769.86 0.029161 0.660451 0.571115 3.184E-15 0.038646 -32.5245 
380 20589.6 0.028 0.678301 0.559524 2.709E-15 0.034849 -24.4623 
390 22877.33 0.0252 0.696151 0.547932 . 314E-15 0.031455 -24.8221 400 25454.05 0.022649 0.714001 0.536341 11.984E-15 0.028409 -25.4317 410 26467.21 0.021782 0.731851 0.5247491 1.706E- 15 0.025664 -17.823 420 27390.19 0.021048 0.749701 0.513158 11.472E-15 10.02 184 -10.1482 430 28472.38 0.020248 0.767552 0.5015661 1.273E-151 0.020935 -3.39535 
Appendices C-36 
440 29892.61 0.019286 0.785402 0.489975 1.104E-15 0.018893 2.04051 
450 31732.1 0.018168 0.803252 0.478383 9.587E-16 0.017033 6.244999 
460 33627.44 0.017144 0.821102 0.466792 8.336E-16 0.015339 10.53275 
470 35734.75 0.016133 0.838952 0.4552 7.254E-16 0.013792 14.51068 
Table C-9: Input parameters of Test #5. 
Parameter uantl 
Flow rate, cm /hr 90 
Concentration of n-C7 in the mixture, % 40 
Concentration of haltere in the mixture, vol. /vol. 0.001811 
Mixture density, cm 0.808 
Asphaltene density, gkmý 1.1 
Mixture viscosity, cP 1.1 
Total length of porous medium, cm 1828.8 
Cross-section area of porous medium, cm 0.30 
Temperature, °C 90 
Damaged length, m 1.18 
Flow efficiency factor 0.18 
Filtration coefficient, i n7' 
Table C-10: Results of sample calculations performed for Test M. 
Time 
min 
p 
(kPa) 
k/ks 
rieten 
a 
cm 
$10, Ica 
m= 
k/I4 
theoretical 
Error 
100 4196.4 0.809557 0.271651 0.974676 8.289E-13 0.754536 6.796368 
104 4265.38 0.796478 0.282517 0.973663 8.19E-13 0.752457 5.526963 
108 4334.291 0.783816 0.293383 0.97265 8.102E-13 0.750541 4.245185 
115 4437.6 0.765559 0.312398 0.970877 7.968E-13 0.747504 2.358451 
119 4513.4 0.752702 0.323264 0.969864 7.901E-13 0.745912 0.902111 
122 4554.7 0.74587 0.331414 0.969105 7.855E-13 0.744774 0.146946 
126 4609.9 0.736951 0.34228 0.968092 7.797E-13 0.743319 -0.86411 
130 4678.8 0.726097 0.353146 0.967079 7.743E-13 0.741924 -2.1797 
136 4727. 0.718688 0.369445 0.965559 7.668E-13 0.739923 -2.95465 
140 4699. 0.722903 0.380311 0.964546 7.621E-13 0.738637 -2.1765 
146 4713.2 0.720789 0.39661 0.963027 7.554E-13 0.736765 -2.21642 
150 4720.1 0.719737 0.407476 0.962014 7.512E-13 0.735547 -2.1966 
156 4727. 0.718688 0.423775 0.960494 7.451E-13 0.733754 -2.09627 
160 4733.9 0.717642 0.434641 0.959481 7.412E-13 0.732576 -2.08098 
164 4740. 0.716599 0.445507 0.958469 7.374E-13 0.731409 -2.06676 
170 4754.63 0.714522 0.461806 0.956949 7.317E-13 0.729675 -2.12074 
176 4761.5 0.713488 0.478105 0.95543 7.263E-13 0.727954 -2.0276 
180 4782.1 0.710403 0.488971 0.954417 7.227E-13 0.726813 -2.30983 
186 4775. 0.711429 0.50527 0.952897 7.173E-13 0.725105 -1.92241 
190 4727. 0.718688 0.516136 0.951884 7.138E-13 0.723969 -0.73482 
196 4733.9 0.717642 0.532435 0.950365 7.087E-13 0.722267 -0.64442 
200 4754.6 0.714522 0.543301 0.949352 7.052E-13 0.721132 -0.9251 
206 4713. 0.720789 0.5596 0.947832 7.001E-13 0.719429 0.188753 
210 4685.7 0.725029 0.570466 0.946819 6.968E-13 0.718293 0.929156 
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216 4733.9 0.717642 0.586765 0.9453 6.917E-13 0.716586 0.147095 
220 4740.84 0.716599 0.597631 0.944287 6.884E-13 0.715447 0.160748 
226 4802.8 0.707346 0.61393 0.942768 6.834E-13 0.713735 -0.90324 
230 4768.41 0.712457 0.624796 0.941755 6.802E-13 0.712591 -0.01887 
236 4782.191 0.710403 0.641095 0.940235 6.752E-13 0.710872 -0.06594 
240 4795.9 0.708362 0.651961 0.939222 6.72E-13 0.709723 -0.19216 
246 4809.7 0.706332 0.66826 0.937703 6.671E-13 0.707996 -0.23556 
250 4809.7 0.706332 0.679126 0.93669 6.639E-13 0.706842 -0.07217 
256 4823. 0.704314 0.695425 0.93517 6.591E-13 0.705107 -0.11252 
260 4851.0 0.700313 0.706291 0.934157 6.559E-13 0.703947 -0.51899 
266 4857.9 0.699319 0.72259 0.932638 6.512E-13 0.702203 -0.41238 
270 4851.0 0.700313 0.733456 0.931625 6.48E-13 0.701037 -0.10351 
276 4837.31 0.702308 0.749755 0.930106 6.433E-13 0.699284 0.430468 
280 4851.0 0.700313 0.760622 0.929093 6.402E-13 0.698113 0.314087 
284 4851.0 0.700313 0.771488 0.92808 6.371E-13 0.696939 0.481722 
292 4878.6 0.696356 0.79322 0.926054 6.309E-13 0.694584 0.25449 
296 4892.4 0.694394 0.804086 0.925041 6.278E-13 0.693403 0.142827 
300 4920.01 0.690504 0.814952 0.924028 6.247E-13 0.692219 -0.24834 
308 4961.3 0.68475 0.836684 0.922002 6.186E-13 0.689845 -0.74399 
312 4954.4 0.685702 0.84755 0.920989 6.156E-13 0.688654 -0.4304 
320 4968.2 0.6838 0.869282 0.918963 6.095E-13 0.686265 -0.3604 
328 5009.58 0.678157 0.891014 0.916937 6.035E-13 0.683866 -0.84188 
336 4982.0 0.681909 0.912746 0.914911 5.976E-13 0.681458 0.066123 
340 4954.461 0.685702 0.923612 0.913898 5.946E-13 0.68025 0.795138 
344 4982.0 0.681909 0.934478 0.912885 5.917E-13 0.67904 0.420695 
352 4968.2 0.6838 0.95621 0.910859 5.858E-13 0.676613 1.051149 
360 4968.2 0.6838 0.977942 0.908833 5.8E-13 0.674176 1.407539 
364 4982.0 0.681909 0.988808 0.90782 5.771E-13 0.672953 1.313264 
372 5002.6 0.679091 1.01054 0.905794 5.713E-13 0.670502 1.264738 
380 5037.1 0.674446 1.032272 0.903768 5.656E-13 0.668041 0.949596 
384 5050.9 0.672606 1.043138 0.902756 5.628E-13 0.666808 0.862048 
392 5126.7 0.662661 1.06487 0.90073 5.571E-13 0.664333 -0.25222 
396 5119. 0.663553 1.075736 0.899717 5.543E-13 0.663092 0.069541 
400 5126.7 0.662661 1.086602 0.898704 5.515E-13 0.661848 0.122666 
Table C-1 1: bout oarameters of Test #6. 
Parameter and 
Flow rate, cm /hr 30 
Concentration of n-C7 in the mixture % 50 
Concentration of halten in the mixture, vol. /vol. 0.002462 
Mixture density, cm 0.79 
Asphaltene density, cm 1.1 
Mixture viscosity, cP 0.71 
Total length of porous medium, cm 1828.8 
Cross-section area of us medium, cm 0.30 
Temperature, °C 90 
Damaged length, m 0.64 
Flow efficiency factor 0.125 
Filtration coefficien m 7.19 
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Table C-12: Results of sample calculations performed for Test #6. 
Time 
min 
p 
kPa 
k/lq 
z rimenta 
a 
cm 
#/ $ kd 
m= 
k/k, 
theoretical 
Error 
300 944.03 0.774263 0.369301 0.93278 4.93098E-13 0.758974 1.974677 
320 971.4 0.752298 0.393921 0.928299 4.7483E-13 0.75276 -0.06148 
340 992.27 0.736625 0.418541 0.923817 4.5922E-13 0.746945 -1.40098 
360 1006.05 0.726534 0.443161 0.919336 4.45565E-13 0.741417 -2.04843 
380 1006.05 0.726534 0.467781 0.914855 4.33357E-13 0.736091 -1.31537 
400 1012.94 0.721592 0.492401 0.910373 4.22231E-13 0.730903 -1.2903 
420 1026.72 0.711906 0.517021 0.905892 4.11921E-13 0.725803 -1.95207 
440 1033.61 0.70716 0.541641 0.90141 4.02235E-13 0.720755 -1.92253 
460 1054.29 0.693294 0.566261 0.896929 3.93036E-13 0.715732 -3.23646 
480 1054.29 0.693294 0.590881 0.892448 3.84222E-13 0.710713 -2.51251 
500 1054.29 0.693294 0.615501 0.887966 3.7572E-13 0.705683 -1.78692 
520 1061.18 0.688792 0.640121 0.883485 3.67479E-13 0.70063 -1.71857 
540 1074.96 0.679962 0.664741 0.879004 3.59459E-13 0.695545 -2.29185 
560 1061.18 0.688792 0.689361 0.874522 3.51633E-13 0.690424 -0.23684 
580 1068.07 0.684348 0.713981 0.870041 3.43979E-13 0.68526 -0.13319 
600 1061.18 0.688792 0.738601 0.86556 3.36483E-13 0.680051 1.269072 
620 1074.96 0.679962 0.763222 0.861078 3.29133E-13 0.674794 0.759932 
640 1068.07 0.684348 0.787842 0.856597 3.2192E-13 0.669488 2.171429 
660 1088.74 0.671354 0.812462 0.852116 3.14839E-13 0.664132 1.075858 
680 1102.52 0.662963 0.837082 0.847634 3.07884E-13 0.658724 0.639386 
700 1109.41 0.658845 0.861702 0.843153 3.0105E-13 0.653264 0.847079 
720 1109.41 0.658845 0.886322 0.838672 2.94336E-13 0.647752 1.683675 
740 1109.41 0.658845 0.910942 0.83419 2.87738E-13 0.642188 2.528176 
760 1130.09 0.646793 0.935562 0.829709 2.81253E-13 0.636572 1.5802 
780 1143.87 0.639 0.960182 0.825228 2.74881E-13 0.630904 1.266909 
800 1157.65 0.631393 0.984802 0.820746 2.68618E-13 0.625185 0.983123 
820 1157.65 0.631393 1.009422 0.816265 2.62464E-13 0.619416 1.896954 
840 1171.43 0.623965 1.034042 0.811784 2.56417E-13 0.613595 1.661845 
860 1192.10 0.613145 1.058662 0.807302 2.50476E-13 0.607725 0.88383 
880 1192.10 0.613145 1.083282 0.802821 2.44639E-13 0.601806 1.849203 
900 1247.23 0.586044 1.107902 0.79834 2.38904E-13 0.595839 -1.67129 
920 1219.67 0.599288 1.132522 0.793858 2.33271E-13 0.589824 1.579294 
940 1254.12 0.582824 1.157142 0.789377 2.27739E-13 0.583762 -0.16087 
960 1247.23 0.586044 1.181762 0.784896 2.22305E-13 0.577654 1.431643 
980 1254.12 0.582824 1.206382 0.780414 2.1697E-13 0.571502 1.942703 
1000 1295.46 0.564223 1.231002 0.775933 2.11731E-13 0.565305 -0.19175 
1020 1329.92 0.549606 1.255623 0.771452 2.06587E-13 0.559066 -1.72123 
1040 1371.26 0.533035 1.280243 0.76697 2.01538E-13 0.552786 -3.70526 
1060 1343.7 0.543969 1.304863 0.762489 1.96582E-13 0.546464 -0.4587 
1080 1371.26 0.533035 1.329483 0.758008 1.91718E-13 0.540104 -1.32617 
1100 1385.04 0.527731 1.354103 0.753526 1.86945E-13 0.533706 -1.13213 
1120 1391.93 0.525119 1.378723 0.749045 1.82261E-13 0.527271 -0.4099 
1140 1419.5 0.514922 1.403343 0.744564 1.77666E-13 0.520802 -1.14177 
1160 1440.17 0.507531 1.427963 0.740082 1.73159E-13 0.514298 -1.33333 
1180 1453.95 0.50272 1.452583 0.735601 1.68738E-13 0.507763 -1.00301 
1200 1474.62 0.495673 1.477203 0.73112 1.64402E-13 0.501197 -1.11442 
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Table C-13: Input parameters of Test #7. 
Parameter uanti 
Flow rate, cm /hr 30 
Concentration of n-C7 in the mixture, % 50 
Concentration of asphaltene in the mixture, vol. /vol. 0.00464 
Mixture density, cm 0.828 
Asphalten density, cm 1.1 
Mixture viscosity, cP 2.2 
Total length of porous medium, cm 1828.8 
Cross-section area of porous medium, cm 0.30 
Temperature, °C 30 
Damaged length, m 0.32 
Flow efficiency factor 0.015 
Filtration coefficient, m 14.38 
Table C-14: Results of sample calculations performed for Test V. 
Time 
min 
p 
(kPa) 
k/ks 
rimen 
a 
cm 
¢/ $s kd 
m= 
kJk1 
theoredcal 
Error 
300 10777.18 0.210153 0.696001 0.710741 3.5815E-14 0.247958 -17.9892 
310 11163.03 0.202889 0.719201 0.701099 3.2193E-14 0.232107 -14.401 
320 11604.05 0.195178 0.742401 0.691457 2.9078E-14 0.217487 -11.4298 
330 12334.47 0.18362 0.765602 0.681815 2.6384E-14 0.203968 -11.0817 
340 13285.41 0.170477 0.788802 0.672173 2.4042E-14 0.191434 -12.2933 
350 14677.31 0.15431 0.812002 0.662531 2.1994E-14 0.179779 -16.5051 
360 16027.91 0.141307 0.835202 0.652889 2.0192E-14 0.168907 -19.5323 
370 16193.27 0.139864 0.858402 0.643247 1.8597E-14 0.158738 -13.4945 
380 16400 0.138101 0.881602 0.633605 1.7177E-14 0.149198 -8.03552 
390 17006.36 0.133177 0.904802 0.623963 1.5905E-14 0.140226 -5.29319 
400 19576.6 0.115692 0.928002 0.614321 1.4759E-14 0.131768 -13.8963 
410 19721.32 0.114843 0.951202 0.604679 1.372E-14 0.12378 -7.78202 
420 19831.67 0.114204 0.974402 0.595038 1.2774E-14 0.116221 -1.76602 
430 21044.35 0.107623 0.997602 0.585396 1.1907E-14 0.109059 -1.33466 
440 22422.54 0.101008 1.020802 0.575754 1.111E-14 0.102266 -1.245 
450 23235.73 0.097473 1.044002 0.566112 1.0374E-14 0.095816 1.700255 
460 24069.38 0.094097 1.067202 0.55647 9.692E-15 0.08969 4.683414 
470 27321.99 0.082895 1.090402 0.546828 9.0573E-15 0.083869 -1.17464 
480 27652.57 0.081904 1.113602 0.537186 8.4653E-15 0.078338 4.353449 
490 30188.42 0.075024 1.136802 0.527544 7.9117E-15 0.073084 2.586401 
500 32917.03 0.068805 1.160002 0.517902 7.3928E-15 0.068093 1.034156 
510 34026.77 0.066561 1.183202 0.50826 6.9058E-15 0.063356 4.815383 
520 35280.88 0.064195 1.206402 0.498618 6.448E-15 0.058863 8.306573 
530 35955.8 0.06299 1.229602 0.488976 6.0172E-15 0.054604 13.31229 
540 36528.1 0.062003 1.252803 0.479334 5.6113E-15 0.050572 18.43666 
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Takle C. 15! Innut narameters of Test #8. 
Parameter Quantity 
Flow rate, cm /hr 60 
Concentration of n-C7 in the mixture, % 50 
Concentration of as halten in the mixture, vol. /vol. 0.002462 
Mixture density, cm 0.79 
As halten density, cm 1.1 
Mixture viscosity, cP 0.71 
Total length of porous medium, cm 1828.8 
Cross-section area of porous medium, cm 0.30 
Temperature, °C 90 
Damaged length, m 0.74 
Flow efficiency factor 0.1 
Filtration coefficient, m7' 6.22 
Table C-16: Results of sample calculations performed for Test #8. 
Time 
min 
p 
(kPa) 
k/k, 
experiment 
a 
cm 
4/ 4 kd 
m= 
k/kq 
theoretical 
Error 
150 2122.36 0.688792 0.369301 0.944398 . 186E-13 0.685057 0.542263 
160 2184.37 0.669237 0.393921 0.940691 . 024E-13 0.678265 -1.34912 
170 2218.83 0.658845 0.418541 0.936985 3.889E-131 0.672124 -2.01553 
180 2253.28 0.648771 0.443161 0.933278 3.775E-13 0.666466 -2.72751 
190 2253.28 0.648771 0.467781 0.929571 3.675E-13 0: 661163 -1.91016 
200 2232.61 0.654778 0.492401 0.925864 3.586E-13 0.656118 -0.20476 
210 2287.73 0.639 0.517021 0.922157 3.505E-13 0.651258 -1.91838 
220 2335.97 0.625805 0.541641 0.918451 3.431E-131 0.646528 -3.31138 
230 2349.75 0.622135 0.566261 0.914744 3.361E-13 0.641887 -3.17482 
240 2308.40 0.633278 0.590881 0.911037 3.294E-13 0.637303 -0.63571 
250 2349.75 0.622135 0.615501 0.90733 3.23E-13 0.632756 -1.70721 
260 2349.75 0.622135 0.640121 0.903623 3.169E-13 0.628228 -0.97937 
270 2349.75 0.622135 0.664741 0.899917 3.109E-13 0.623707 -0.25265 
280 2363.53 0.618507 0.689361 0.89621 3.051E-13 0.619183 -0.10932 
290 2342.86 0.623965 0.713981 0.892503 2.994E-13 0.614652 1.492562 
300 2377.31 0.614922 0.738601 0.888796 2.939E-13 0.610107 0.783063 
310 2384.20 0.613145 0.763222 0.88509 2.884E-13 0.605545 1.239488 
320 2411.77 0.606137 0.787842 0.881383 2.83E-13 0.600964 0.853518 
330 2418.66 0.60441 0.812462 0.877676 2.778E-13 0.596362 1.331616 
340 2466.89 0.592592 0.837082 0.873969 2.726E-13. 0.591738 0.144131 
350 2425.55 0.602693 0.861702 0.870262 2.675E-13 0.587092 2.588634 
360 2501.35 0.58443 0.886322 0.866556 2.624E-13 0.582422 0.343508 
370 2466.89 0.592592 0.910942 0.862849 2.575E-13 0.577729 2.50808 
380 2542.69 0.574927 0.935562 0.859142 2.526E-13 , 0.573014 0.332783 390 2542.69 0.574927 0.960182 0.855435 2.478E-13 0.568275 1.157063 
400 2618.49 0.558284 0.984802 0.851728 2.43E-13 0.563513 -0.93653 
410 2646.05 0.552469 1.009422 0.848022 2.383E-13 0.558728 -1.13302 
420 2604.71 0.561238 1.034042 0.844315 2.337E-13 , 0.553922 1.303592 430 2625.38 0.556819 1.058662 0.840608 2.292E-13 0.549094 1.38739 
440 2714.96 0.538447 1.083282 0.836901 . 247E-13 0.544244 -1.07672 450 2694.29 0.542578 1.107902 0.833194 . 203E-13 0.539374 0.590488 460 2680.51 0.545368 1.132522 10.829488 12.1 1E-3 0.534484 1.995663 
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470 2735.63 0.534378 1.157142 0.825781 2.117E-13 0.529574 0.898937 
480 2742.53 0.533035 1.181762 0.822074 2.075E-13 0.524645 1.573971 
490 2714.96 0.538447 1.206382 0.818367 2.033E-13 0.519698 3.481947 
500 2756.31 0.53037 1.231002 0.814661 1.992E-13 0.514734 2.948225 
510 2811.43 0.519971 1.255623 0.810954 1.952E-131 0.509752 1.96528 
520 2914.79 0.501532 1.280243 0.807247 1.912E-13 0.504754 -0.64237 
530 2935.47 0.498 1.304863 0.80354 1.873E-13 0.49974 -0.34937 
540 2983.70 0.489949 1.329483 0.799833 1.835E-13 0.494711 -0.97194 
550 3018.16 0.484356 1.354103 0.796127 1.797E-13 0.489668 -1.09676 
560 3080.17 0.474604 1.378723 0.79242 1.76E-13 0.484612 -2.10874 
570 3107.73 0.470395 1.403343 0.788713 1.723E-13 0.479543 -1.94489 
580 3169.75 0.461191 1.427963 0.785006 1.687E-13 0.474463 -2.87763 
590 3190.42 0.458203 1.452583 0.781299 11.652E-131 0.469371 1-2.43734 
600 3245.55 0.45042 1.477203 0.777593 1.617E-13 0.464269 -3.07461 
Table C-17: Innut parameters of Test #9. 
Parameter Quantity 
Flow rate, cm /hr 30 
Concentration of n-C7 in the mixture % 50 
Concentration of halten in the mixture, vol. /vol. 0.0032311 
Mixture density, cm 0.818 
As halten density, cm 1.1 
Mixture viscosity, cP 1.2 
Total length of porous medium, cm 1828.8 
Cross-section area of us medium, cm 0.30 
Temperature, °C 60 
Damaged length, m 0.7 
Flow efficiency factor 0.085 
Filtration coefficient, m 6.57 
Table C-18: Results of sample calculations performed for Test #9. 
Time 
min 
p 
a 
k/ks 
rimen 
Q 
cm 
$/ $ kd 
m2 
k/14 
theoretical 
Error 
300 1943.19 0.635745 0.484666 0.916754 3.2663E-13 0.63494 0.126616 
320 1984.54 0.6225 0.516977 0.911204 3.1045E-13 0.625012 -0.40358 
340 2074.12 0.595615 0.549288 0.905654 2.9694E-13 0.615894 -3.40481 
360 2067.23 0.5976 0.581599 0.900105 2.8538E-13 0.607376 -1.63592 
380 2129.25 0.580194 0.61391 0.894555 2.7526E-13 0.599297 -3.29247 
400 2149.92 0.574615 0.646221 0.889005 2.6621E-13 0.591532 -2.94407 
420 2170.59 0.569143 0.678532 0.883455 2.5795E-13 0.58399 -2.60864 
440 2198.15 0.562006 0.710843 0.877906 2.503E-13 0.576599 -2.59652 
460 2232.61 0.553333 0.743154 0.872356 2.4313E-13 0.569308 -2.88699 
480 2239.5 0.551631 0.775466 0.866806 2.3632E-13 0.562079 -1.89402 
500 2246.39 0.549939 0.807777 0.861256 2.2982E-13 0.554883 -0.89911 
520 2260.17 0.546585 0.840088 0.855707 2.2356E-13 0.547701 -0.2041 
540 2287.73 0.54 0.872399 0.850157 2.1751E-13 0.540517 -0.09582 
560 2294.63 0.538378 0.90471 0.844607 2.1164E-13 0.533322 0.939125 
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580 232219 0.531988 0.937021 0.839057 2.0593E-13 0.526109 1.105188 
600 2356.64 0.524211 0.969332 0.833508 2.0036E-13 0.518872 1.018437 
620 2370.42 0.521163 1.001643 0.827958 1.9493E-13 0.511609 1.833202 
640 2411.77 0.512229 1.033954 0.822408 1.8963E-13 0.504318 1.54428 
660 2384.21 0.51815 1.066265 0.816858 1.8445E-13 0.497 4.081914 
680 2515.13 0.491178 1.098576 0.811309 1.7938E-13 0.489654 0.31036 
700 2542.69 0.485854 1.130887 0.805759 1.7442E-13 0.482281 0.735397 
720 2556.47 0.483235 1.163198 0.800209 1.6957E-13 0.474882 1.728388 
740 2584.04 0.47808 1.195509 0.794659 1.6483E-13 0.46746 2.221329 
760 2652.95 0.465662 1.22782 0.78911 1.6018E-13 0.460017 1.212432 
780 2694.29 0.458517 1.260132 0.78356 1.5564E-13 0.452553 1.30058 
800 2735.63 0.451587 1.292443 0.77801 1.5119E-13 0.445073 1.442465 
820 2783.87 0.443762 1.324754 0.77246 1.4685E-13 0.437578 1.393611 
840 2804.54 0.440491 1.357065 0.766911 1.4259E-13 0.430071 2.365554 
860 2859.67 0.432 1.389376 0.761361 1.3843E-13 0.422556 2.186218 
880 2921.69 0.42283 1.421687 0.755811 1.3437E-13 0.415034 1.843922 
900 2942.36 0.419859 1.453998 0.750261 1.3039E-13 0.407508 2.941753 
920 3011.26 0.410252 1.486309 0.744712 1.265E-13 0.399983 2.503092 
940 3052.61 0.404695 1.51862 0.739162 1.227E-13 0.39246 3.023315 
960 3162.86 0.390588 1.550931 0.733612 1.1899E-13 0.384943 1.445237 
980 3217.99 0.383897 1.583242 0.728062 1.1536E-13 0.377436 1.683138 
1000 3266.22 0.378228 1.615553 0.722513 1.1181E-13 0.36994 2.191122 
1020 3321.35 0.37195 1.647864 0.716963 1.0835E-13 0.362461 2.551281 
1040 3472.95 0.355714 1.680175 0.711413 1.0497E-13 0.355 0.200845 
1060 3514.29 0.351529 1.712486 0.705863 1.0167E-13 0.347561 1.128865 
1080 3624.54 0.340837 1.744797 0.700314 9.8442E-14 0.340148 0.202055 
1100 3817.5 0.32361 1.777109 0.694764 9.5296E-14 0.332763 -2.82846 
1120 3879.5 0.318437 1.80942 0.689214 9.2226E-14 0.325411 -2.19003 
1140 3969.08 0.31125 1.841731 0.683664 8.923E-14 0.318094 -2.19877 
1160 4196.48 0.294384 1.874042 0.678115 8.6309E-14 0.310815 -5.58149 
1180 4182.7 0.295354 1.906353 0.672565 8.3459E-14 0.303579 -2.78465 
1200 4265.39 0.289628 1.938664 0.667015 8.0681E-14 0.296388 -2.33373 
Table C-19: InDut oarameten of Test #10. 
Parameter Quantity 
Flow rate cm /hr 90 
Concentration of n-C7 in the mixture, % 50 
Concentration of halten in the mixture, volivol. 0.002462 
Mixture density, cm 0.79 
Asphaltene densi ty, cm 1.1 
Mixture viscosity, cP 0.71 
Total length of porous medium, cm 18281- 
Cross-section area of porous medium, cm 0.30 
Temperature, °C 90 
Damaged length, m 1.04 
Flow efficiency factor 0.09 
Filtration coefficien m 4.42 
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Table C-20: Results of sample calculations performed for Test #10. 
Time 
min 
p 
(kPa) 
k/ly 
experiment 
a 
cm 
$1$ kj 
m= 
k/ly 
theoretical 
Error 
100 3824.37 0.573373 0.369301 0.957108 . 4723E-13 0.648939 -13.1792 
105 3886.39 0.564223 0.387766 0.954963 . 1761E-13 0.639064 -13.2644 108 3824.37 0.573373 0.398845 0.953676 . 0178E-13 0.633549 -10.4952 111 3865.72 0.567241 0.409924 0.952389 . 8724E-13 0.628322 -10.7681 
114 3824.37 0.573373 0.421003 0.951103 . 7387E-13 0.623365 -8.719 
120 3845.05 0.57029 0.443161 0.948529 . 5023E-13 0.614201 -7.69978 
126 3817.48 0.574408 0.465319 0.945956 4.301E-13 0.605933 -5.48821 
130 3845.05 0.57029 0.480091 0.94424 . 1833E-13 0.600859 -5.36026 
135 3776.14 0.580697 0.498556 0.942095 4.052E-13 0.594955 -2.45531 
140 3789.92 0.578585 0.517021 0.939951 . 9357E-13 0.589482 -1.88335 
147 3831.26 0.572342 0.542872 0.936948 3.794E-13 0.582446 -1.76539 
150 3893.28 0.563225 0.553951 0.935661 . 7398E-13 0.579625 -2.91189 
156 3962.19 0.55343 0.576109 0.933088 3.641E-13 0.574287 -3.76875 
160 3948.41 0.555361 0.590881 0.931372 . 5815E-13 0.570927 -2.80274 
165 3872.61 0.566231 0.609346 0.929228 . 5132E-13 0.56692 -0.12155 
171 3845.05 0.57029 0.631504 0.926654 3.4389E-131 0.562356 1.391195 
177 3934.63 0.557306 0.653662 0.92408 . 3715E-13 0.55802 -0.12799 
180 4065.55 0.539359 0.664741 0.922794 3.34E-13 0.555924 -3.07124 
186 3948.41 0.555361 0.686899 0.92022 . 2809E-13 0.551859 0.630646 
192 3845.05 0.57029 0.709057 0.917647 . 2262E-13 0.547937 3.919669 
195 3858.82 0.568254 0.720136 0.91636 . 2003E-13 0.546022 3.912305 
201 3969.08 0.552469 0.742294 0.913786 . 1508E-13 0.54227 1.846009 207 3927.74 0.558284 0.764453 0.911213 . 1042E-13 0.538608 3.52444 210 3907.06 0.561238 0.775532 0.909926 . 0818E-13 0.536805 4.353406 
216 4072.44 0.538447 0.79769 0.907352 . 0386E-13 0.533248 0.965493 
222 4175.80 0.525119 0.819848 0.904779 . 9972E-13 0.529746 -0.88108 
225 4162.02 0.526858 0.830927 0.903492 . 9771E-13 0.528012 -0.21902 
231 4120.68 0.532144 0.853085 0.900919 2.938E-13 0.524573 1.42277 
237 4134.46 0.53037 0.875243 0.898345 . 9001E-13 0.521166 1.735347 
240 4341.18 0.505114 0.886322 0.897058 . 8816E-13 0.519473 -2.84271 246 4348.07 0.504314 0.90848 0.894485 . 8453E-13 0.516104 -2.33789 249 4479 0.489572 0.919559 0.893198 . 8274E-13 0.514427 -5.07677 
255 4341.18 0.505114 0.941717 0.890624 . 7924E-13 0.511084 -1.18188 
261 4403.2 0.498 0.963875 0.888051 2.758E-13 0.507754 -1.95872 
264 4451.43 0.492604 0.974954 0.886764 . 7411E-13 0.506094 -2.73847 
270 4389.41 0.499564 0.997112 0.88419 . 7076E-13 0.502778 -0.64344 
276 4465.22 0.491083 1.01927 0.881617 . 6748E-13 0.499469 -1.70758 
282 4389.41 0.499564 1.041428 0.879043 . 6424E-13 0.496165 0.680364 288 4320.51 0.507531 1.063586 0.87647 . 6105E-13 0.492864 2.889931 291 4341.18 0.505114 1.074665 0.875183 . 5947E-1 0.491214 2.751869 294 4361.86 0.50272 1.085744 0.873896 2.579E-13 0.489565 2.616837 
300 4382.53 0.500349 1.107902 0.871323 . 5479E-13 0.486267 2.814369 306 4389.41 0.499564 1.13006 0.868749 . 5171E-1 0.48297 3.321575 309 4444.55 0.493367 1.141139 0.867462 . 5019E-1 0.481322 2.44156 315 4492.77 0.488071 1.163297 0.864889 . 4717E-1 0.478024 2.058425 321 4554.8 0.481425 1.185455 0.862315 . 4418E-13 0.474726 1.3916 324 4575.47 0.47925 1.1%534 0.861029 2.427E-13 0.473076 1.288259 
330 4623.71 0.47425 1.218692 0.858455 . 3976E-1 0.469776 0.943475 336 4637.48 0.472841 1.24085 0.855881 . 3685E-13 0.466475 1.346436 
Appendices C-44 
342 4665.05 0.470047 1.263009 0.853308 . 3397E-13 0.463172 1.462755 345 4665.05 0.470047 1.274088 0.852021 . 3254E-13 0.46152 1.814209 351 4713.28 0.465237 1.296246 0.849448 2.297E-13 0.458215 1.50941 
354 4947.57 0.443206 1.307325 0.848161 . 2829E-13 0.456561 -3.01333 360 4864.88 0.450739 1.329483 0.845587 2.255E-13 0.453254 -0.55791 
366 4892.44 0.4482 1.351641 0.843014 . 2273E-13 0.449945 -0.38943 372 4926.89 0.445066 1.373799 0.84044 . 1998E-13 0.446635 -0.3527 375 4933.79 0.444444 1.384878 0.839153 . 1862E-13 0.44498 -0.12059 381 4968.24 0.441362 1.407036 0.83658 . 1592E-13 0.441669 -0.06945 384 4954.46 0.44259 1.418115 0.835293 . 1458E-13 0.440012 0.582333 390 5216.30 0.420373 1.440273 0.83272 . 1191E-13 0.436699 -3.88392 396 5333.45 0.41114 1.462431 0.830146 . 0927E-13 0.433386 -5.41091 400 5409.25 0.405378 1.477203 0.82843 . 0753E-13 0.431177 -6.364 
Table C-21: Innut parameters of Test #11. 
Parameter uanti 
Flow rate, cm /hr 15 
Concentration of n-C7 in the mixture, % 40 
Concentration of a halten in the mixture, volJvol. 0.001811 
Mixture density, cm 0.808 
Asphaltene density, cm 1.1 
Mixture viscosity, cP 1.1 
Total length of porous medium, cm 1828.8 
Cross-section area of porous ntedium, cm 0.30 
Temperature, °C 90 
Damaged length, m 0.82 
Flow efficiency factor 0.2 
Filtration coefficient, m-' 5.61 
Table C-22: Results of samnle calculations performed for Test 411. 
Time 
min 
p 
a 
k/q 
experiment 
Q 
cm 
+/41 kd 
m= 
k/iy 
theoretical 
Error 
'/o 
674 689.08 0.8217 0.305154 0.95973 8.383E-13 0.81816 0.430854 
716 695.97 0.813564 0.32417 0.957221 8.233E-13 0.815325 -0.21639 
758 709.75 0.797767 0.343185 0.954711 8.099E-13 0.812652 -1.86588 
800 709.75 0.797767 0.362201 0.952202 7.977E-13 0.810095 -1.54525 
842 709.75 0.797767 0.381216 0.949693 7.863E-13 0.807616 -1.23458 
884 702.86 0.805588 0.400232 0.947183 7.756E-13 0.805191 0.049316 
926 702.86 0.805588 0.419247 0.944674 7.654E-13 0.8028 0.346091 
968 702.86 0.805588 0.438263 0.942165 7.555E-13 0.80043 0.640344 
1010 709.75 0.797767 0.457278 0.939655 7.459E-13 0.798069 -0.03789 
1053 709.75 0.797767 0.476747 0.937086 7.363E-13 0.795655 0.2647 
1095 709.75 0.797767 0.495762 0.934577 7.271E-13 0.793294 0.560638 
1137 709.75 0.797767 0.514778 0.932067 7.181E-13 0.790926 0.857459 
1179 709.75 0.797767 0.533793 0.929558 7.092E-13 0.788549 1.155531 
1221 709.75 0.797767 0.552809 0.927048 7.005E-13 0.786158 1.455125 
1263 723.53 0.782571 0.571824 0.924539 6.918E-13 0.783755 -0.1512 
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1305 730.42 0.775189 0.59084 0.92203 6.832E-13 0.781336 -0.79301 
1347 723.53 0.782571 0.609855 0.91952 6.748E-13 0.778902 0.468952 
1389 737.31 0.767944 0.628871 0.917011 6.664E-13 0.776451 -1.10773 
1432 737.31 0.767944 0.648339 0.914442 6.579E-13 0.773924 -0.7787 
1474 737.31 0.767944 0.667355 0.911932 6.497E-13 0.771438 -0.45504 
1516 737.31 0.767944 0.68637 0.909423 6.416E-13 0.768935 -0.12909 
1558 751.09 0.753853 0.705386 0.906914 6.335E-13 0.766414 -1.66626 
1600 751.09 0.753853 0.724401 0.904404 6.255E-13 0.763875 -1.32947 
1642 757.98 0.747 0.743417 0.901895 6.176E-13 0.761318 -1.9168 
1684 751.09 0.753853 0.762433 0.899385 6.098E-13 0.758743 -0.64867 
1726 757.98 0.747 0.781448 0.896876 6.021E-13 0.75615 -1.22486 
1768 757.98 0.747 0.800464 0.894367 5.944E-13 0.753538 -0.8752 
1810 757.98 0.747 0.819479 0.891857 5.868E-13 0.750907 -0.52307 
1853 757.98 0.747 0.838947 0.889288 5.791E-13 0.748195 -0.15998 
1895 757.98 0.747 0.857963 0.886779 5.717E-13 0.745527 0.197174 
1937 757.98 0.747 0.876979 0.884269 5.643E-13 0.742841 0.556826 
1979 764.88 0.74027 0.895994 0.88176 5.57E-13 0.740135 0.018241 
2021 764.88 0.74027 0.91501 0.879251 5.497E-13 0.737411 0.386211 
2063 771.77 0.733661 0.934025 0.876741 5.426E-13 0.734669 -0.13737 
2105 778.66 0.727168 0.953041 0.874232 5.355E-13 0.731907 -0.6517 
2147 778.66 0.727168 0.972056 0.871722 5.285E-13 0.729127 -0.26936 
2189 778.66 0.727168 0.991072 0.869213 5.215E-13 0.726328 0.115561 
2232 785.55 0.720789 1.01054 0.866644 5.145E-13 0.723443 -0.36809 
2274 778.66 0.727168 1.029556 0.864134 5.076E-13 0.720605 0.902494 
2316 792.44 0.714522 1.048571 0.861625 5.009E-13 0.71775 -0.45174 
2358 792.44 0.714522 1.067587 0.859116 4.942E-13 0.714875 -0.0494 
2400 792.44 0.714522 1.086602 0.856606 4.876E-13 0.711981 0.355585 
Table C-23: Innut oarametera of Test #12. 
Parameter Quantity 
Flow rate, cm /hr 15 
Concentration of n-C7 in the mixture % 50 
Concentration of halten in the mixture, volJvol. 0.002462 
Mixture density, cm 0.79 
Asphalten density, cm 1.1 
Mixture viscosity, cP 0.71 
Total length of porous medium, cm 1828.8 
Cross-section area of porous medium, cm 0.30 
Temperature, °C 90 
Damaged length, m 0.6 
Flow efficiency factor 0.145 
Filtration coefficien m 7.67 
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ratite U-24: xeswts of sample ca lculations rformed for Test #12. 
Time 
min 
P 
kPa 
k/iy 
: rimers 
a 
(cm) 
V+ I kd 
m= 
k/iy 
theoretical 
Error 
610 468.57 0.779956 0.375456 0.929557 5.4943E-13 0.785618 -0.72591 650 475.46 0.768652 0.400076 0.924937 5.3023E-13 0.779972 -1.47274 691 475.46 0.768652 0.425311 0.920203 5.1306E-13 0.774474 -0.75742 732 482.35 0.757671 0.450547 0.915468 4.9776E-13 0.769179 -1.51878 773 489.24 0.747 0.4 75782 0.910733 4.8384E-13 10.764018 1-2.27823 
813 489.24 0.747 0.500403 0.906114 4.7128E-13 0.759065 -1.61506 
854 489.24 0.747 0.525638 0.901379 4.5918E-13 0.754032 -0.94134 
895 496.14 0.736625 0.550874 0.896645 4.4771E-13 0.749016 -1.68211 
936 496.14 0.736625 0.576109 0.89191 4.3673E-13 0.743995 -1.00052 
976 503.03 0.726534 0.600729 0.887291 4.2641E-13 0.739077 -1.72635 
1017 496.14 0.736625 0.625965 0.882556 4.1616E-13 0.734003 0.355913 
1058 503.03 0.726534 0.6512 0.877821 4.062E-13 0.728888 -0.324 
1098 503.03 0.726534 0.67582 0.873202 3.9672E-13 0.723852 0.369242 
1139 503.03 0.726534 0.701056 0.868467 3.8723E-13 0.718637 1.087017 
1180 509.92 0.716716 0.726291 0.863733 3.7795E-13 0.713365 0.467549 
1220 509.92 0.716716 0.750912 0.859113 3.6909E-13 0.708165 1.193084 
1261 509.92 0.716716 0.776147 0.854379 3.6018E-13 0.702775 1.945194 
1302 516.81 0.70716 0.801383 0.849644 3.5145E-13 0.697322 1.39126 
1342 516.81 0.70716 0.826003 0.845025 3.431E-13 0.69194 2.152256 
1383 530.59 0.688792 0.851238 0.84029 3.347E-13 0.686361 0.353029 
1424 530.59 0.688792 0.876474 0.835555 3.2646E-13 0.680716 1.172476 
1464 530.59 0.688792 0.901094 0.830936 3.1857E-13 0.675147 1.981031 
1505 530.59 0.688792 0.926329 0.826201 3.1064E-13 0.669374 2.819132 
1546 537.48 0.679962 0.951565 0.821467 3.0286E-13 0.663536 2.415589 
1586 544.37 0.671354 0.976185 0.816847 2.9541E-13 0.657779 2.022159 
1627 551.26 0.662963 1.001421 0.812113 2.8792E-13 0.651813 1.681776 
1668 558.15 0.654778 1.026656 0.807378 2.8057E-13 0.645783 1.373694 
1708 558.15 0.654778 1.051276 0.802759 2.7354E-13 0.639839 2.281513 
1749 565.04 0.646793 1.076512 0.798024 2.6647E-13 0.633684 2.02677 
1790 578.8 0.631393 1.101747 0.793289 2.5954E-13 0.627466 0.621967 
1830 592.61 0.616709 1.126367 0.78867 2.5291E-13 0.62134 -0.75085 
1871 592.61 0.616709 1.151603 0.783935 2.4625E-13 0.615 0.277105 
1912 592.61 0.616709 1.176838 0.779201 2.3971E-13 0.6086 1.314851 
1952 606.39 0.602693 1.201458 0.774581 2.3347E-13 0.602299 0.065335 
1993 613.28 0.595921 1.226694 0.769847 2.272E-13 0.595783 0.023212 
2034 627.06 0.582824 1.25193 0.765112 2.2105E-13 0.589209 -1.09553 
2075 633.95 0.576489 1.277165 0.760377 2.1503E-13 0.582579 -1.05638 
2115 640.84 0.57029 1.301785 0.755758 2.0927E-13 0.576058 -1.01128 
2156 647.73 0.564223 1.327021 0.751023 2.035E-13 0.56932 -0.90326 
2197 661.51 0.552469 1.352256 0.746289 1.9784E-13 0.56253 -1.82107 
2237 668.40 0.546773 1.376876 0.741669 1.9243E-13 0.555856 -1.66113 
2278 668.40 0.546773 1.402112 0.736935 1.8701E-13 0.548966 -0.40109 
2319 682.19 0.535727 1.427347 0.7322 1.817E-13 0.542029 -1.17625 2359 689.08 0.53037 1.451967 0.727581 1.7663E-13 0.535216 -0.91367 2400 695.97 0.525119 1.477203 0.722846 1.7155E-13 0.528189 -0.58459 
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Appendix D 
Examples for asphaltene deposition in oil field situations 
Asphaltene deposition during oil production and recovery is a very serious problem in 
many areas throughout the world, as reported in various papers by researchers and 
engineers working on this problem (Leontaritis and Mansoori, 1988). Asphaltene 
deposits can form a sludge and may plug well bores and, in many instances, extend 
from the well bores to the flow lines, the production separator, and other downstream 
equipment. The downtime, cleaning, and maintenance costs are a sizable factor in the 
economics of a field prone to asphaltene deposition. The approach taken by the oil 
industry has been remedial methods rather than preventive ones. In the following, the 
asphaltene deposition problems in some oil fields is described. 
D-1 Hassi Messaoud, Algeria 
As one of the first field examples of asphaltene deposition during primary depletion, 
Haskett and Tartera (1965) presented results observed in the giant oil field of Hassi 
Messaoud, Algeria. This field is a sandstone reservoir situated at a depth of 3350 m 
with a pay zone varying from 30 to 90 m covering an area of approximately 14000 
km2. The original reservoir pressure was 47000 kPa and the bubble point pressure of 
the crude varied from 20,000 to 14,500 kPa on west-east traverse of the field. The 
gas/oil ratio (GOR) varied from 1390 to 1030 SCF/STB depending on the 
geographical location within the field. The oil is an intermediate base crude by the 
standard of the U. S. Bureau of Mines, 42.3°API gravity, extremely rich in gasoline 
(40% by weight), and of a light green colour. The average composition of this crude is 
given in Table D-1. The stock tank oil contained 0.062 wt. % asphaltenes. 
Asphaltene deposits were observed in the well tubing from the early stages of 
production. Wells often lost 20 to 25 % of wellhead pressure in IS to 20 days, causing 
considerable loss in production. To prevent these deposits a program for cleaning the 
tubing with a solvent was established. 
The most favourable condition for deposition was just before the bubble point was 
reached. 
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Table D-1: Average composition of Haul Messaoud crude! 
Component Mole percent 
N2 1.80 
CO2 1.32 
C, 33.15 
C2 13.95 
C3 9.91 
i-C4 1.29 
n-C4 4.66 
i-C5 1.40 
n-C5 2.48 
C6 3.59 
C7 3.30 
C8 3.25 
C9 2.89 
C10 2.50 
C 2.13 
C12+ 12.33 
Total 100.00 
a: Data taken from Haskett and Tartera (1965). 
The deposits of asphaltene were peptized when the wellhead pressure was again 
reduced. Otherwise, asphalt deposits extended all the way to the surface. Locations of 
these extensions correlated with positions where the bubble points were reached in the 
tubing. 
An extension was found even when the only change invoked was closing the well for 
measuring the asphalt profile. This was attributed to the re-absorption of the liberated 
gas as the oil level rose in the tubing. This created an excess of hydrocarbons in the 
oil phase, which caused the immediate precipitation of asphaltenes and associated 
elements. 
One well, which produced at a wellhead pressure considerably above the bubble 
point, showed asphaltene deposition up to the surface, except on the downstream side 
of the choke where the pressure was below the bubble point. 
From the above observations, it was recommended that the Hassi Messaoud wells be 
put on production at low wellhead pressure so that two-phase flow would occur 
sufficiently deep in the tubing to minimize asphaltene deposition. Placing a 
mechanical choke deep into the tubing was tried in a few cases with success. 
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Application of this idea has greatly reduced the asphaltene deposition problems and 
the number of tubing washes required. 
D-2 Mata-Acema and Boscan fields, Venezuela 
These two fields are briefly described by Lichaa (1977). The producing formation in 
the Mata-Acema field is the Miocene sandstone at a depth of 3500 m and a bottom 
hole temperature of 275°F (135°C). An average composition of the field effluent 
shows that about 25% by volume are light fractions and the rest consists of C7+ 
fractions. Other properties of the various oils from this field are given in Table D-2. 
The asphaltene content varied from 0.4% to 9.8 % by weight for the various Mata- 
Acema oils. From this table it is noted that the asphaltene content in the crude 
increases with an increase in the C7+ fraction. 
Table D-2: Some properties of the various oils from the Meta-Acema Held' 
Crude oll identification API gravity 
60/60 ° 
Asphaltene 
Content (wt. %) 
C, + 
(vol. %) 
Mata-acema 102 27.1 1.1 68.24 
Mata-acema 105 28.5 1.2 69.17 
Mata-acema 202 28.0 1.4 72.04 
Mata-acema 207 27.1 2.0 - 
Mata-acema 210 33.4 0.8 - 
Mata-acema 211 24.1 3.6 74.59 
Mats-acema219 16.6 9.8 78.96 
Mata-acema 221 23.1 9.0 - 
Mata-acema 223 25.2 3.5 - 
Mata-acema 224 23.1 1.4 - 
Mata-acema 225 36.4 0.4 56.72 
Mata-acema 226 21.5 5.0 77.73 
Mata-acema 228 21.0 4.0 - 
Mata-acema 230 20.4 6.2 - 
Mata-acema 231 26.1 3.4 - 
Mata-acema 235 19.4 5.4 - 
Mata-acenma 239 26.2 2.0 73.59 
Mata-acema 245 22.3 4.3 75.61 
a: Data taken from Lichaa, (1977). 
The Boscan field is the Eocene sandstone and produces heavy oil with gravities 
ranging from 9 to 12°API. The formation is at a depth of about 2600 m and a bottom 
hole temperature of about 180°F (82°C). The importance of this field lies in the fact 
that it is one of the largest proven heavy oil reservoirs in Venezuela containing about 
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of 17.2% asphaltenes and until now no asphaltene deposition problem has been 
reported. It can be observed that the Mata-Acema crudes with asphaltene contents of 
only 0.4 to 9.8% have asphaltene deposition problems, whereas the Boscan crude with 
17.2% asphaltene content does not have asphaltene deposition problems. Boscan 
crude and Boscan refined oils which include a lot of peptizing agents such as resins 
were found to prevent electro-deposition of asphaltene from Mata-Acema crude, and 
asphalt precipitation when mixing acid and Mata-Acema crude. Also during the same 
experiments permeability reductions were severe due to acid injection and not so 
when a slug of Boscan mix was injected into the sand model ahead the acid. 
D-3 Lake Maracaibo, Venezuela 
For the Lake Maracaibo field in Venezuela, which produces more than half of the 
Venezuelan oil, it is reported that the use of standard well completion techniques has 
often resulted in costly workovers for asphaltene removal in producing oil wells 
(Albrecht, Diaz, Salathiel and Bierode, 1979). The three main producing horizons are 
here of Miocene, Eocene, and Cretaceous age. The cretaceous reservoirs contained 
asphaltenic oils and caused serious asphaltene deposition problems. Cretaceous 
reservoirs lie from 4,300 to 4,900 m in depth with initial reservoir pressure as high as 
86,000 kPa. These partially dolomitized limestones have a permeability which ranges 
from 1 to 20 milli-Darcy (md) and production is by natural flow from cased or open 
hole completions. Initial production was a sweet 40°API crude by solution gas drive 
from this overpressured reservoir. As exploration proceeded outward from this zone, 
the crude became heavier (30°API) due to the accumulation of heavy organic 
materials. The crude oil contained up to 10% by weight asphaltenes and up to 3000 
ppm hydrogen sulfide. Asphaltenes precipitated in the well tubing where the pressure 
and temperature changed. 
Elaborate experimental work has been performed showing that the less gas present, 
the greater the solubility of the asphaltenes in the crude oil (Albrecht, Diaz, Salathiel 
and Bierode, 1979). Therefore, to prevent or reduce asphaltene precipitation either the 
flowing well head temperature can be increased, or the dissolved gas/oil ratio 
decreased, or both. The well head temperature can be increased by using an insulating 
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fluid in the annular space to reduce heat loss and the dissolved gas-oil ratios can be 
reduced by providing chokes on the well tubing or decreasing the pressure. 
D-4 Prinos field, North Aegean Sea 
The producing formation is situated at a depth of 2600 m with a pay zone varying 
from 60 to 90 m covering an area of about 6 km2. The reservoir consists mainly of 
four different pay zones separated by shale barriers all in a domal configuration. The 
original reservoir pressure was 39,500 kPa. The bubble point of the crude ranges from 
7,600 to 8,600 kPa. The gas/oil ratio (GOR) ranges from 800 to 900 SCF/STB 
depending on the geographical location within the field. The oil is an undersaturated 
intermediate base crude with a gravity of about 28 °API and contains 4.5 wt. % of 
asphaltenes. It is also a sour crude containing approximately 40% by weight H2S. The 
reservoir temperature is 262°F (128°C) (Adialalis, 1982). Severe asphaltene problems 
were encountered throughout the field. Production from wells, which occurred at a 
rate of 3000 barrels per day, fell to negligible amounts only after a few days of 
production. Workovers in this region were considered to be so expensive that 
production from this reservoir appeared to be economically unattractive. Unlike the 
Hassi Messaoud field case, asphaltene precipitation was observed in the tubing, 
separators, pumps, and virtually all locations. 
A laboratory analysis of the reservoir crude gave rise to the asphaltene deposition 
envelope shown in Figure D-1. Unlike the case of Hassi Messaoud, it was decided to 
produce this reservoir at a high wellhead pressure. Also, it was recommended to use 
dual completion for cleaning with solvents during productions. Finally, more 
production was carried out from the top reservoir, which was separated from the 
bottom one by a shale barrier and exhibited fewer asphaltene problems. Initially, 
production was being carried out from all the layers simultaneously and consequently 
different produced oil were blended and this also may have caused asphaltene 
precipitation. 
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Fig. D-1: P-T asphaltene deposition envelope of Prinos reservoir fluid (Leontaritis, 1996). 
D-5 Discussion of field observations 
From the above description of various fields, the practical approaches related to the 
asphaltene deposition problem and the laboratory investigation on the crude of these 
fields one can conclude: 
1. One conclusion that appears to have universal acceptance is that resins in the 
crude act as peptizing agents of the asphaltene particles. Experimental 
evidence, (Swanson, 1942; Lichaa, 1977) suggests that for an oil mixture there 
is a critical concentration of resins below which the asphaltene particles may 
flocculate and above which they can not flocculate regardless of how much the 
oil mixture is agitated or refluxed. 
2. Effective inhibition of asphaltene deposits in the formation and surface 
equipment appears possible by injecting to the formation additives containing 
sufficient amounts of peptizing agents. 
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3. Electrical effects play an important role in the asphaltene deposition problem. 
Thus, controlling the electro-deposition of the asphaltene particles can lead to 
the development of preventive techniques. 
4. Lichaa (1977) observed that in certain cases the asphaltene content of the 
crude may play a lesser role in the flocculation process than the amount of 
peptizing agents, i. e. resins. In other words, it is possible to find a crude with 
high asphaltene content and no deposition problem if the required amount of 
peptizing agents is present. For instance, the Boscan crude contains 17.2% by 
weight asphaltenes and yet it does not cause an asphaltene problem. 
5. It is well known that highly undersaturated crude oil reservoirs may show 
asphaltene precipitation during the course of primary depletion. If there is a 
producing gas/oil ratio gradient present in the reservoir, the wells in the lower 
horizon are expected to show more asphaltene precipitation problems than 
those in the upper horizon. This was observed in several field cases (Tuttle, 
1983). 
6. In the above discussion of different field experiences, it is clear that asphaltene 
precipitation and its remedies are dependent on individual cases. Asphaltene 
deposition could not be correlated with known factors, such as pressure, 
temperature, and composition. The controversy about the pressure dependence 
of asphaltene precipitation is particularly disturbing. For instance, it was 
recommended for the Hassi Messaoud oil field that wells should produce at a 
low wellhead pressure. This approach was found to be successful for Hassi 
Messaoud as well as for some Venezuelan oil fields. The experience at the 
Prins field of the North Aegean sea, however, was totally opposite to that of 
the other reservoirs cited above. It was reported that a high wellhead pressure 
alleviated asphaltene precipitation problems. While this particular reservoir 
had a very high concentration of sour gases, the effects of these sour gases on 
the different asphaltene deposition problems were never discussed (Adialalis, 
1982). 
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7. Leontaritis and Mansoori (1988) believe that there should be certain unique 
geological conditions which favour the formation of an oil whose actual resin 
concentration is less than its critical resin concentration. Such conditions are 
responsible for the transformations the hydrocarbon deposits undergo. They 
recommended further research to identify these geological conditions for 
different cases of resin concentrations correlated with critical resin 
concentrations for oil reservoirs around the world. As a result, geological 
conditions alone may in the future provide accurate predictive models for 
asphaltene deposition problems, even for oil reservoirs that have not yet been 
produced. 
